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ABSTRACT
Building structures are often built close to each other because of lack of available
land in metropolitan cities. To reduce the response of a structure to earthquake
excitation, various types of control system devices have been proposed for adjacent
buildings. One of the methods to mitigate structural seismic response is installing
supplemental damping devices between adjacent buildings. This study proposes to
develop a method for analyzing the random seismic response of a structural system
consisting of two adjacent buildings interconnected by fluid viscous damping
devices. The reduction of displacement, acceleration and shear force responses of
adjacent buildings are proposed in this study, using fluid viscous dampers for
adjacent buildings. The specific objectives of this study are carried out in three parts.
Firstly, dynamic equations to formulate the equations of motion for two adjacent
buildings connected with fluid viscous dampers in both two and multi degree of
freedom systems are written by drawing the free body diagrams for the lumped
masses. Secondly, the effectiveness of fluid viscous dampers with two damping
coefficients in consideration of the three-dimensional vibration mitigation analysis is
investigated when the dampers are connected at all the floors in the adjacent
structures subjected the El Centro 1940, the Kobe 1995, the Northridge 1994 and the
Loma Prieta 1989 ground excitations for NS and EW directions, using both a
response spectrum analysis and a time-history analysis. Finally, the optimal
placement of the fluid viscous dampers instead of placing them at all the floors in
order to minimize the cost of the dampers is studied in this study. The results of this
study demonstrate that the fluid damper of parameters derived based on two damping
coefficients is beneficial to reduce the responses of the adjacent structures under the
selected earthquakes. Further, the diagonal location of fluid viscous dampers
provides the reduction of displacement, acceleration and shear force responses of
adjacent buildings in NS and EW directions. The Analysis results of this study show
that placing fluid viscous dampers at selected floors will result in a more efficient
structural system to mitigate earthquake effects.
Keywords: Adjacent buildings; Fluid viscous damper; Earthquake excitations; A time-history
analysis; Parametric study
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1

INTRODUCTION

1. 1 Background
Civil structures are a vital part of the current society, especially multi-storey
buildings and bridges. During the past decades, these structures were built to prevent
just static loads. However, structures are subjected to an assortment of dynamic
loadings, such as winds, waves, earthquakes and vehicle loads. Vibratory motion on
civil structures occurs due to these dynamic loads which can be detrimental to the
structure, its material contents and human life. For safety purposes, the vibratory
motion on civil structures should be kept small. Generally, the total displacement and
the inter-storey drift of the buildings should be restricted whereas the absolute
acceleration must be kept small for the human comfort. In seismic design, attempts
have been focused on increasing the stiffness of the buildings, for example by
building shear wall and bracing systems. With the rapid development of technology,
the extent of protection required for these structures has been developing by
engineers, based on occupancy comfort to structural survival. Today’s modern
concepts highlight that the use of added damping, base isolation and mass damper
have emerged as alternative methods for mitigating the total displacement and the
inter-storey drift of the structure.

The 60-storey John Hancock Tower (241 m), in Boston, Massachusetts, USA is a
good example of a civil structure that required precaution for mitigating the total
displacement and the absolute acceleration responses. Glass panes from the over
10,000 windows of the John Hancock Tower started to fail and fall to the ground
because of excessive large oscillation on the upper floors due to wind-induced lateral
and torsion vibration of the building. Tuned mass dampers consisting of two 300
tonne lead and steel block were installed on the 58th floor, in 1977, for increasing the
damping ratio of the building and reducing accelerations. Similarly, in Citicorp
Centre Office Building (279 m), New York, a 400 tonne concrete block was installed
to reduce the structural vibration.

Many historical examples of civil structures that did not survive its dynamic loadings
have underscored the tremendous importance of protecting buildings and occupants
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from vibratory motions. In recent years, tens of thousands of people have died and
billions of dollars in property damage have been lost as a result of earthquakes. Table
1.1 shows the number of lives lost and loss of property, in terms of the magnitude of
the most significant earthquakes according to NOAA (2008).
Table 1.1: Loss of Life and Property Damage Due to Recent Big Earthquake
Excitation (NOAA 2008)

‘Please see print copy for image’

*A dollar amount for damage is listed in the property damage column in billions of U.S. dollars and
the dollar value listed is the value at the time of the event.

Recent damaging earthquakes such as Northridge 1994, Kobe 1995, Turkey 1999
and Taiwan 1999 showed that the vibration of structures was so severe that it led to
the collapse of buildings, as shown in Figure 1.1. Therefore, in structural design, it is
important that buildings endure dynamic loads in order to prevent the structure from
failure. The protection of civil structures, with material content and human
occupants, is a world-wide priority. The aim of structural engineers is to develop
safer civil structures to better withstand these natural disasters.
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Figure 1.1: The Collapse of Structures during Recent Strong Motion Earthquakes
(Catal 2002)
The methods mentioned above can be classified as structural devices used to control
the seismic movements of structures, where the mechanisms of structural response
can be activated by the motion of the structure itself, or by the motion of the control
forces applying devices. The mechanisms of structural response are enhanced with
using improved control devices in buildings. Nowadays, the use of control devices
into buildings has become further important to mitigate the structural vibration.
Moreover, for improving the dynamic behaviour of adjacent buildings, control
devices can be connected between adjacent buildings as active, semi-active and
passive devices.
1. 2 Objective and Scope
In the last decade, researchers have also studied a concept regarding interconnecting
buildings with various passive, active, semi-active control and smart damping
devices to diminish the adjacent buildings’ responses to wind and seismic
excitations. The concept of control system, which this study is conducted, will take
an important role in designing modern civil structures. The main aim in this study is
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to permit either two dynamically different buildings or the same buildings to use
control forces upon one another to reduce the overall responses of the system.
Thereby, control systems for adjacent buildings represent a relatively new area of
research that is growing rapidly (Taylor and Constantinou 1998).
The objectives of this study are:
•

designing the equation of motion for adjacent buildings connected by fluid
viscous dampers,

•

designing three dimensional structures utilising passive control devices and
design the parameters of the devices,

•

developing the effectiveness of dampers when earthquake is considered in
two directions,

•

designing the optimum placement of dampers in order to minimize the cost of
dampers.

In this study, both the classification of control devices and the use of control devices
are described in the following chapter. One of the most important damping devices in
passive control is the fluid viscous damper. Fluid viscous dampers have the high
flow resistance because of viscous fluids. The high flow resistance makes a big role
in order to alleviate the earthquake responses of coupled buildings. The effect of
viscous dampers in order to both mitigate the top floor displacements and improve
the dynamic behaviour for adjacent buildings is examined in the following chapter.
Further, the optimum placement of dampers in order to minimize the cost of dampers
is examined in the following chapter.
1. 3 Thesis Outline
This thesis investigates the seismic protection of adjacent buildings and the
mitigation of earthquake induced vibration of two adjacent structures. The passive
control strategies of coupled buildings is investigated, where the potential for
coupling adjacent buildings with passive dampers for seismic protection is examined
with comparison to active and semi active control strategies. To achieve these
objectives, this study is designed as follows.

Chapter 2 contains a literature review of coupled building control, current status of
coupled building control and previous studies of coupled building model to
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understand the effect of coupling on the dynamic characteristics of the building
models.

In Chapter 3, an examination in presented of simplified multi-degree-of-freedom
(MDOF) coupled building model to recognize the effect of coupling on the Eigen
values. Following this is a formulation of the multi-degree-of-freedom (MDOF)
coupled building model used for the analytical studies of the research, using some
assumptions and limitations.

Chapter 4 contains analytical studies of two adjacent buildings on damping control.
Effects of viscous damper on the performance of the control strategies are examined.
The results for response analysis and time-history analysis are shown in this chapter,
which is obtained from SAP 2000. Additionally, for determining optimum passive
strategy, the time variation of the top floor displacement and base shear responses of
the two buildings connected by viscous dampers at both all the floors and few floors
are shown in this chapter.

Chapter 5 and Chapter 6 provide the results for the coupled buildings connected by
passive dampers. Additionally, Chapter 7 proposes conclusions and a number of
research areas for future studies.
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2

CHAPTER 2: COUPLED BUILDING CONTROL

2. 1 Introduction
Big earthquakes such as the 1994 Northridge and 1995 Kobe (Hyogo-ken Nanbu)
have shown that the infrastructure of cities is inadequate to resist strong motion
earthquakes. Severe inelastic behaviour in civil structures can be seen due to strong
motion earthquakes, threatening the safety of occupants and resulting in potential
human and material losses.

In civil structures, the aim is to protect them from large seismic events through
redundancies. In recent years, medium and high-rise structures have begun installing
control systems, such as passive, active and semi-active devices to reduce responses.
In ultrahigh-rise buildings, controlling with these devices is difficult and relatively
flexible due to large energy requirements.

Coupled building control was suggested for adjacent building to exert forces upon
one another. This concept was first introduced by Klein and Healy (1985) nearly
three decades ago. In the mid 1980’s, a basic semi-active approach was proposed,
connecting two buildings with cables that can be released and tightened to supply
desired control (Klein and Healy 1985). Christenson et al. (1999) underscored that
coupled building research has gradually achieved momentum from planned research
concepts to real implementation. Recently, coupled building control has received
much attention in Japan and the U.S. (Christenson et al. 1999).

Following a brief overview of the coupled building control studies, this study
examines the effect of building and damper properties on the response diminishment
with seismic events. Coupling link, using a passive control device, is used to
alleviate the response.
2. 2 Classification of Structural Control Devices
A great number of protective systems for structures were invented because of the
need to provide safer and more efficient design. Control devices on earthquake zone
have been improved since the 1970’s. The purpose of structural control is to absorb
the energy due to dynamic loadings such as winds, earthquakes and vehicle loads.
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Modern structural protective systems can be categorized into three classes as shown
graphically in Figure 2.1.
PASSIVE CLASS

ACTIVE CLASS

PASSIVE DEVICES

ACTIVE DEVICES

•
•

Uncontrollable
No power required

•
•

Controllable
Significant power
required

SEMIACTIVE CLASS
SEMI-ACTIVE DEVICES
•
•

Controllable
Little power required

Figure 2.1: Control Classes and Control Devices
The first class of damping devices is passive. The passive damping devices are
uncontrollable. The basic function of passive damping devices is to consume a part
of the input energy, reducing energy dissipation on structural members and
minimizing damage on structures. Contrary to semi-active or active devices, there is
no need for an external supply of power. The second class of damping devices is
active. The active damping devices are controllable and require significant power.
The displacement of structures is controlled or modified by means of the action of
the active damping devices through an external supply of power. The third class of
damping devices is semiactive. The semiactive damping devices combine the aspect
of active and passive damping devices, which involve the amount of external energy
to adjust their mechanical properties, unlike fully active systems. The semiactive
devices can not add energy to the structure.

Over the past decade, many conferences have been organised on structural control
for civil structures. One of them is the First World Conference on Structural Control
that was held in Pasadena, California (Housner et al. 1994). Following World
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Conferences on Structural Control were held in Kyoto, Japan in 1998 and Como,
Italy in 2002. These conferences highlight the important of continued studies on
structural control for civil structures.
2.2.1

Passive Control Systems

As Housner et al. (1994) mentioned passive control devices consume the energy
which comes from dynamic loadings. Passive control devices are obtained by means
of the insertion to the civil structure. All passive control devices have both the
stiffness and damping in order to achieve a limitation of the shift of buildings one
toward the other and to consume the energy. Thereby, passive devices are
characterized by their control forces and the fixed characteristics of the devices.
Another important advantage is the reinstalment of the system after the earthquake
for use of the structure after the earthquake. Soong and Dargush (1997) determined
that passive control devices include metallic, friction, viscoelastic and viscous fluid
dampers, tuned mass dampers and tuned liquid dampers. Passive devices are loaded
in terms of protecting the structure from dynamic loading.

One of the most important damping devices in passive control is the base isolation.
Warnotte et al. (2007) emphasized that base isolation systems can not be placed
either to diminish the individual displacement of one structure or to connect two
adjacent structures. Base isolation systems placed at the foundation of a structure can
be used to absorb and reflect some of the earthquake input energy which can be
transmitted to the structure (Warnotte et al. 2007). Another passive energy device is
the tuned mass damper (TMD). The energy transfers from the primary structure to
the TMD by means of the motion of TMD which can be placed between storey levels
in a passive system. Figure 2.2 shows examples of various passive control systems.
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Figure 2.2: Examples of Various Passive Control Systems (Christenson et al. 1999)
Passive control devices are popular and have been widely employed. Passive devices
are quite simple to design and build. However, the performance of passive control is
sometimes limited. Therefore, for achieving the relative performance of passive
control devices, optimum damper properties are implemented to protect from one
particular dynamic loading. Qi and Chang (1995) described the implementation of
viscous dampers that have several inherent and significant advantages including
linear viscous behaviour; insensitivity to stroke and output force; easy installation;
almost free maintenance; reliability and longevity. At this time, fluid dampers to
attain more performance during seismic events has been used by more than 110
major structures. The new Arrowhead Regional Medical Center in Colton,
California, installing 186 dampers and the new fifty-five floor Torre Mayor Office
building at Mexico City, Mexico, using 98 dampers are some of these projects
(Taylor and Constantinou 1998). Specifications for these dampers are provided in
Table 2.1, and a photo of a completed damper follows in Figure 2.3.
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Table 2.1:San Bernardino County Medical Center Damper Specifications (Taylor
and Constantinou 1998)

‘Please see print copy for image’

‘Please see print copy for image’

Figure 2.3: Photographs of Completed Damper (Taylor and Constantinou 1998).
Nowadays, the use of fluid viscous damper has been increased significantly on
adjacent structures (Warnotte et al. 2007). A detailed description of viscous dampers
from passive control devices is presented in Section 2.3.
2.2.2

Active Control Systems

One important structural control is active control devices. Yao (1972) recommended
the active control devices for civil structures. These control devices create a force
into the structure to counteract the energy of the dynamic loading. Thereby, different
loading conditions and different vibration modes are controlled or accommodated by
means of the ability of the active control devices (Housner et al. 1994). The feed
back from sensors measuring the amplitude of a structure to manage the properties of
structural members throughout mechanical actuators is used by active control
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devices. Figure 2.4 shows few different types of active control devices in use, some
of which are as follows: active mass driver, active base isolation and active bracing.

‘Please see print copy for image’

Figure 2.4: Examples of Various Active Control Systems (Christenson et al. 1999)
A controller (computer) collects records from the sensors to activate devices for
amending the structure’s amplitude continuously during excitation. Active devices
can increase the performance over passive control devices, determining appropriate
control forces. For example, a passive tuned mass damper must provide control
forces based on the response of the floor. In contrast, active control devices can
measure the response using a controller. One problem in active control is that since
the mechanism of these devices depends on external power supply, this must not be
interrupted during earthquake, otherwise, the whole system can remain idle exactly at
the time when the supply is required. As a result, active control devices are more
complex than passive devices, requiring sensors and controller equipment (Warnotte
et al. 2007).
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2.2.3

Semiactive Control Systems

Semiactive control systems have been improved to consider the advantages of the
best features of both passive and active control systems (Warnotte et al. 2007).
However, the mechanisms of semiactive control systems are similar to the
mechanisms of active control systems. Only here, there is no directly applied force to
the structure from the control actuator, but instead the properties of a passive energy
device as a controllable passive damper are used. As in an active control system, the
mechanical properties are characteristically regulated based on feedback from the
structural system. As in a passive control system, the motion of the structure in terms
of developing control forces takes into account in semiactive control systems. The
control forces are improved in conjunction with adjustment of damping or stiffness
characteristics of the semiactive control systems (Warnotte et al. 2007). In the event
of a complete loss of power supply, neither damping nor stiffness can enter into
activity to consume the energy that occurs from the earthquake.

The above mentioned systems show that passive control devices are very useful
devices to absorb the effect of dynamic loadings. In consideration of the
aforementioned advantages, passive control devices come into prominence. Fluid
viscous damper is one of the noticeable devices.
2. 3 Fluid Viscous Dampers
The high flow resistance of viscous fluids makes a contribution to viscous damping.
The velocity of deformation of a fluid viscous damper is proportional to the forces
developed. A typical force-displacement curve of the device is shown in Figure 2.5.
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Figure 2.5: A typical Force-Displacement Curve for a Fluid Viscous Damper (Taylor
and Constantinou 1998).
Fluid viscous dampers are similar to shock absorbers in a car (Warnotte et al. 2007).
Figure 2.6 indicates an example of fluid viscous damper. They involve a cylinder
containing a viscous fluid like oil. A piston head which consists of small holes is
connected to a piston rod. Conjunction with the motion of the piston rod, the oil is
strained to flow through holes in the piston head, causing friction. The size, shape of
the orifices and the viscosity of oil affect the magnitude of the force.

‘Please see print copy for image’

Figure 2.6: Example of Fluid Viscous Damper (Taylor and Constantinou 1998).
Stresses and deflections are reduced by fluid viscous damping because the force
coming from the dampers counteracts the resultant stresses due to flexing of the
columns. When a building shakes laterally back and froth during a seismic event,
column stress and damping force varies. Column stresses in a building without a
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damper is at a maximum, when the building has flexed a maximum amount from its
normal position (Warnotte et al. 2007). However, in a building with a damper, the
damping force goes to zero at this point of maximum deflection. Maximum damper
force occurs at maximum velocity, which occurs when the column flexes through its
normal that column stress are at a minimum (Warnotte et al. 2007). This situation is
the most desirable design aspect of the damping. In case of the oil is strained, energy
is dissipated by means of viscous damping. Thereby, fluid viscous damping is mostly
preferred amongst passive control devices. Although there are three basic ways to
connect dampers into a building, as shown in Figure 2.7, implementation of fluid
dampers for adjacent buildings has been altered in recent years.

‘Please see print copy for image’

Figure 2.7: Applications of the Dampers (Taylor and Constantinou 1998).
Modelling of the fluid viscous dampers and the implementation of the dampers for
adjacent buildings are determined in Chapters 3 and 4.
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2. 4 Pounding of Buildings
Over the past two decades, increasing population and improving social and
commercial activities notwithstanding restricted existing land resources in
metropolitan cities caused more and more buildings being built closely to each other.
These buildings, in most cases, are built without any structural connections between
them or are connected just at the ground level and then separated. Thus, each
building has possession of own wind-resistant or own earthquake-resistant capacity.
Bertero (1986) mentioned that if the distances available between adjacent structures
are not sufficient, various earthquake excitations may lead to pounding of adjacent
buildings which has been observed in the 1989 Loma Prieta and 1985 Mexico City
earthquakes. Many cases of structural damage owing to mutual pounding between
adjacent buildings during a major earthquake have been reported over the last two
decades. Thereby, Lin and Weng (2001) determined a numerical simulation approach
to estimate the probability seismic pounding of adjacent buildings, using provisions
of the 1997 Uniform Building Code.

The required distance between two adjacent buildings to reduce the risk of seismic
pounding was determined by Valles and Reinhorn (1997) as shown Figure 2.8. For
adjacent buildings, the seismic pounding problems, which have received increasing
attention, have been considered by many researchers. The international Building
Code (2003) calculated the required distance between two adjacent buildings in
terms of the square root of the sum of squares (SRSS) of the individual building
displacements due to the risk of seismic pounding. Following is the concept of the
specification from IBC (2003).

1620.3.6 Building separations. All structures shall be separated from adjoining
structures. Separations shall allow for the displacement δ M . Adjacent buildings on
the same property shall be separated by at least, δ MT , where

δ MT = (δ M1 )2 + (δ M 2 )2

(Equation 16-66)

D1 and D2 are the displacements of the adjacent buildings as shown δ M 1 and δ M 2
respectively.
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Figure 2.8: Definition of Gap (IBC 2003).
The aforementioned research studies focus on the avoidance of mutual pounding
between adjacent buildings which are spaced very closely. In this study, the
alleviation of earthquake responses of coupled buildings, spaced with a definite
distance, by using fluid dampers to connect them is presented. Previous studies
demonstrate that the effectiveness of passive energy dispersing systems to develop
seismic performance of connected buildings has been observed through extensive
analytical and experimental investigations. However, the performance of fluid
viscous dampers in terms of the reduction of displacement, acceleration and shear
force responses of adjacent buildings, determining the optimal design parameters of
dampers for adjacent buildings of the same stiffness ratios and different heights has
not been investigated fully. A formulation of the multi-degree of freedom equations
of motion for viscous dampers connected adjacent high-rise buildings under
earthquake excitations is separately presented. A time history analysis and response
spectrum analysis are performed for two adjacent buildings to find out the dynamic
response of the structures, using SAP 2000 computer program (2007). For a timehistory analysis of the structures in the N-S direction, the 1940 El Centro Earthquake,
the 1994 Northridge Earthquake, the 1989 Loma Prieta earthquake and the 1995
Kobe Earthquake time histories are also used for dynamic analysis of the systems in
the time domain. Newmark-Hall design spectrum and response spectrum for the
same earthquakes are considered to compare with time-history analysis in this study.

The torsion irregularity existing in the multi-storey buildings is generally caused due
to using hinged links to connect two neighbouring floors, non-symmetric form of the
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plan geometry and the load-carrying member’s rigidity distribution. In previous
studies, the lumped mass models were categorized, into models that either include or
neglect the consideration of building torsion. Some researchers have ignored the
rotation of the building even though torsion occurs due to using damper devices for
interconnecting two buildings. The rotation of the buildings is generally quite small
when compared to the lateral components. Uz and Hadi (2009) showed that the fluid
viscous dampers which are located in one direction are found not to be very effective
in reducing the earthquake responses of the adjacent linked buildings when selected
earthquakes applied in two directions. Thereby, in this study, in order to carry out the
use of dampers for two directions under the strong earthquakes, the analysis is
investigated in both directions in the structural responses of two neighbouring
buildings, which have the same stiffness ratios and different heights, connected with
two different damper parameters under various earthquake excitations in each model.
The effectiveness of fluid joint dampers is then investigated in terms of the reduction
of displacement, acceleration and shear force responses of adjacent buildings.
Finally, an extensive parametric study is carried out to find the optimum damper
placements in adjacent buildings both having the same stiffness ratios and having
different stiffness ratios.
2. 5 Coupled Building
Various control strategies are investigated by a number of researchers and full-scale
applications are beginning to appear. Housner et al. (1997) determined the important
benefits of structural control for unwanted motions of structures. They also
mentioned many different approaches for controlling devices, providing a link
between structural control and the other fields of control theory. According to Seto
(1994), coupling buildings has been indicated to become a workable choice for the
protection of adjacent flexible structures. For passive control, many strategies have
been studied for both high- and low-rise adjacent buildings. Gurley et al. (1994) and
Sugino et al. (1999) have each studied the case of adjacent tall structures with
passive devices, while Luco and Debarros (1998) and Xu et al. (1999) have studied
connecting low-to medium rise structures with passive devices. Mitigating seismic
response of adjacent structures connected with active control devices has been
investigated by Seto and Mitsuta (1992), Luco and Wong (1994), Yamada et al.
(1994) and Kurihara et al. (1997). Seto and Mitsuta (1992) studied the first two
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modes of two and three neighbouring models in simulation and experimentally were
controlled successfully.

Gurley et al. (1994) proposed a system consisting of two adjacent buildings coupled
through a single force link for wind-induced vibration control, while Kawaguchi et
al. (1992) investigated the vibration for tall buildings and observation towers with a
tuned mass damper (TMD) under strong wind. In order to investigate the suppressing
effects of dampers under wind force, the simulation of wind loadings in time history
is presented for the structure with TMD including various mass ratios.

Richard et al. (2006) mentioned the coupled building control in order to be an
effective means of protection for flexible building structures. They studied the effects
of the building configuration and the location of connector on the overall system
performance. They also examined the efficacy of passive and active coupled building
control for flexible adjacent buildings.

Xu et al. (1999) studied the dynamic response of damper-connected adjacent
buildings under earthquake excitation. They observed that the ground acceleration
due to earthquake is regarded as a stochastic process, and a pseudo-excitation
algorithm in the frequency domain is implemented in a computer program to handle
non-classical damping properties of the system. They also proposed that the optimum
damper properties can be found through parametric studies.

Zhu and Xu (2005) determined the analytical formulas for determining optimum
parameters of Maxwell model-defined dampers used to connect two couple
structures using the principle of minimizing the averaged vibration energy of both
the primary structure and the two adjacent structures under a white-noise ground
excitation. The dynamic analysis shows that the damper of optimum parameters can
significantly reduce the dynamic responses of the adjacent structures under the
white-noise ground excitation. Hadi and Uz (2009) investigated the important of
viscous fluid dampers for improving the dynamic behaviour of adjacent buildings by
connecting them with fluid viscous dampers. They observed the reduction of top
floor displacement, acceleration and shear force responses of adjacent buildings
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under the earthquake excitations, although the adjacent buildings are connected by
dampers in one direction.

Westermo (1989) investigated the dynamic implications of connecting closely
adjacent structures by a hinged beam system for the purpose of reducing the risk of
pounding under earthquake excitations and also suggested using hinged links to
connect two neighbouring floors if the neighbouring floors are in alignment. It is
understandable that using damping devices between two adjacent buildings can
reduce the chance of pounding, but it changes the dynamic characteristics of the
separated buildings, augments undesirable torsion action due to non-symmetric form
of the plan geometry or the load-carrying member’s rigidity distribution, and
increases the base shear of the stiffer building.

Kageyama et al. (1994) proposed to reduce the seismic response of a double-frame
building by connecting the inner and outer structures with dampers. Yang et al.
(2003) carried out the experimental investigation for two steel building models
connected by dampers. Iwanami et al. (1996) investigated the optimum damping and
stiffness values of the connecting damper by assuming each of the linked structures
as a single-degree-of –freedom system. Luco and Debarros (1998) examined the
optimal distribution of the connecting dampers by modelling the neighbouring floors.
Kageyama et al. (1994) investigated a method to find out the optimum values of the
distributed dampers connecting two tower structures of the same height. In contrast,
the optimal values for the distribution of viscous dampers interconnected two
adjacent buildings of different heights were determined by Luco and Debarros
(1998). Sugino et al. (1999) calculated the optimal parameters of the connecting
dampers in conjunction with the genetic algorithm.

The effectiveness of the fluid damper-defined Maxwell model and the effectiveness
of the viscoelastic damper-defined Voigt model in coupled high-rise buildings under
earthquake-induced movement were investigated by Zhang and Xu (2000). In their
study, the Maxwell model-defined fluid dampers could be the same as that connected
by the Voigt model-defined viscoelastic dampers, and the seismic response of
adjacent buildings was determined by the pseudo-excitation method. The studies
demonstrated that parameters of fluid dampers could reduce the seismic response of
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adjacent buildings if damper properties are appropriately selected. Moreover, using
the dampers with optimal parameters to link the adjacent buildings can increase the
modal damping ratios (Yang et al. 2003). Thus, optimal parameters of passive
element such as damping and stiffness under different earthquake excitations can
influence the structural parameters of the system (Yang et al. 2003).

Kim et al. (2006) investigated the effect of installing visco-elastic dampers (VEDs)
in places such as building–sky-bridge connections to reduce earthquake-induced
structural responses. In order to investigate the effectiveness of the proposed scheme,
parametric studies are managed first using single-degree-of-freedom systems
connected by VEDs and subjected to white noise and earthquake ground excitations.
The dynamic analyses are carried out with 5-story and 25-story rigid frames.
According to their analysis results, the use of VEDs in sky-bridges can be effective
in reducing earthquake-induced responses if sky-bridges are designed in such a way
that the natural frequencies become quite different. This can be achieved by
connecting with VEDs to have different structural systems.

Ying et al. (2003) investigated a stochastic optimal coupling-control method for
adjacent building structures. For a reduced-order model for the control analysis, the
coupled structures with control devices under random seismic excitation are
modelled in their studies. With the structural energy control, both the seismic
response mitigation for adjacent building structures and the dimension of optimal
control problem are reduced. For the random response, non-linear controlled
buildings and uncontrolled buildings are predicted by using the stochastic averaging
method in order to evaluate the control efficacy. They also conducted a numerical
study to demonstrate the response reduction capacity of the proposed stochastic
optimal coupling-control method for adjacent buildings.

Matsagar and Jangid (2003) studied the seismic response of multi-story building
supported on different base isolation systems during impact with adjacent structures.
Newmark’s step-by step iteration method for the coupled differential equations of
motion in the isolated system is used and solved in the incremental form. With the
difference of main system characteristics such as distance of gap, stiffness of impact
element, superstructure flexibility and number of story of base-isolated building, the
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impact response of isolated building is also studied. It is concluded that the
superstructure acceleration increases and the bearing displacement decreases due to
impact with adjacent structure, although the isolation remained effective as compared
to the non-isolated structure after the happening of impact phenomenon. They
observed that the effects of impact are found to be severe for the system with flexible
superstructure, increased number of story and bigger stiffness of the adjacent
structure.

Ni et al. (2001) examined analysing the seismic response of two adjacent buildings
connected with non-linear hysteretic damping devices under different earthquake
excitations and demonstrated that non-linear hysteric dampers are effective even if
they are placed on a few floor levels. Parametric studies also show that optimum
damper parameters and numbers exist in order to minimize the random seismic
response. Qi and Chang (1995) carried out a time-history analysis of two frames
connected by viscous dampers under the 1940 El Centro earthquake and the 1952
Taft earthquake, using a commercial computer program. Ni et al. (2001) also
investigated the effect of variation of placement and the number of dampers on the
seismic response of a frame structure. Passive, active and semi-active control
systems are being important to reduce seismic response of neighbouring buildings
that systems with the expectation will be improved in the future.
2. 6 Summary
In this chapter, control devices are introduced to underline insight into the effect of
adjacent buildings on the dynamics of the adjacent system. Some concepts of
coupled building control in previous research have been noted that the concepts
mentioned above are to add damping to the adjacent building system (Klein et al.
1985 and Christenson et al. 1999). After a brief overview of these concept studies,
the passive damping devices which are one of the most important damping classes to
reduce the response on dynamic of the system are underscored on coupled building
control. Additionally, the studies of many researchers about passive devices have
been described in this chapter. Their parametric studies are presented for finding the
effective of passive devices on the dynamic response of damper-connected adjacent
buildings under earthquake excitation, using hinged link based on the optimum
damper stiffness and coefficient (Xu et al. 1999).
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Furthermore, the effectiveness of the fluid damper-defined Maxwell model and the
viscoelastic damper-defined Voight model are compared by Zhang and Xu (2000) for
determining the parameters of dampers. Moreover, the importance of variation of
placement and the effect of the number of dampers are underscored by Ni et al.
(2001) and Qi and Chang (1995) latter of this chapter. Chapter 3 proposes
developing a MDOF coupled building model and examines some required
assumptions for emphasising the effective of fluid viscous damper on the coupled
building.
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3

CHAPTER 3: FORMULATION

3. 1 Introduction
In this chapter the theoretical formulation for modelling two adjacent buildings
connected by viscous dampers is presented. To solve problems, some assumptions
and limitations are considered. All these assumptions and limitations are described in
this chapter. The effectiveness of fluid viscous dampers for the coupled building into
equations of motion is shown by using the MDOF coupled building model.
3. 2 Assumptions and Limitations
Some assumptions are necessary for highlighting the important features of fluid
viscous damper connected to neighbouring buildings. Two buildings are assumed to
be symmetric buildings, which are placed with their symmetric plane in alignment.
As mentioned above, the ground motion is assumed in the N-S direction (see Figure
3.6) in their symmetric planes so that the problem is regarded as a two dimensional
problem to be simplified as shown in Figure 3.6 schematically.

Although two buildings are assumed as symmetric buildings in their plane in
alignment, torsion effects can occur because of linked viscous dampers between the
two buildings. However, symmetric adjacent buildings with torsion effects are
neglected here. A linear multi-degree of freedom system where the mass of each
level is lumped in the floors is provided for each building. The stiffness is provided
in terms of columns. Earthquake excitation considered is not severe. The buildings
which are modelled by SAP 2000n Computers and Structures (2007) are able to
remain elastic and linear properties under the selected earthquakes due to significant
increase of energy absorbing capacity.

Furthermore, the buildings are assumed to have the same floor elevations where two
adjacent floors are linked with damper devices. However, the total height of the
buildings can be different. Each damper has a combination of both stiffness
proportional to the relative displacement and damping proportional to the relative
velocity between the two adjacent floors. While both buildings are subjected to the
same base acceleration, any effects due to soil-structure interactions or due to spatial
variations of the ground motion are neglected. Spatial difference of the ground
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motion can be neglected because the total plan dimensions of the buildings in the
excitation direction are not large. The buildings whose foundations are shallow are
less

restrictive

for

neglecting

soil-structure

interactions

according

to

Anagnostopoulos and Spiliopoulos (1992).
3. 3 Equations of Motion of Two Degree of Freedom Systems
As shown in Figure 3.1, the adjacent buildings have been modelled as two degree of
freedom (2-DOF) systems with lumped masses m11, m12, m21 and m22. The
stiffnesses of the two buildings are k11, k12, k21 and k22 and linear viscous constants
for the buildings are c11, c12, c21 and c22 respectively. Two buildings have been
modelled by introducing a spring and a linear viscous dashpot between the adjacent
buildings. The stiffness of the spring between the first floors in adjacent buildings is
k11, 21 and that between the second floors in buildings is k12, 22. The corresponding
constants are c11,21 and c12,22.

Figure 3.1: Schematic diagram of the two adjacent 2-DOF fixed base systems
Dynamic equations for adjacent buildings connected by damper in two degree of
freedom systems can be written by drawing the free body diagrams for the lumped
masses as shown in Figures 3.2, 3.3, 3.4 and 3.5 and then writing the equiliribium
equations.
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Figure 3.2: Free body diagram for lumped mass m11 of first floor of Building 1

Figure 3.3: Free body diagram for lumped mass m12 of second floor of Building 1

Figure 3.4: Free body diagram for lumped mass m21 of first floor of Building 2

Figure 3.5: Free body diagram for lumped mass m22 of second floor of Building 2
The equation of equiliribium of the first floor in Building 1 that is connected with the
first floor in Building 2 is
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m11 &y&11 + c11 ( y& 11 − y& B 1 ) + k11 ( y11 − y B 1 ) − c12 ( y& 12 − y& 11 ) − k12 ( y12 − y11 )
+ c11 , 21 ( y& 11 , B 1 − y& 21 , B 2 ) + k11 , 21 ( y11 , B 1 − y 21 , B 2 ) = F11 (t )

(3.1)

Here, &y&11 = &y&11, B1 + &y&B1 = absolute acceleration
y&11 − y& B1 = y&11, B1 = relative velocity with respect to base
y11 − y B1 = y11, B1 = relative displacement with respect to base

Substituting for the above relations in equation (3.1) and rearranging

m11 &y&11, B1 + c11 ( y&11, B1 ) + k11 ( y11, B1 ) − c12 ( y&12 , B1 − y&11, B1 ) − k12 ( y12 , B1 − y11, B1 )

+ c11, 21 ( y&11, B1 − y& 21, B 2 ) + k11, 21 ( y11, B1 − y 21, B 2 ) = F11 (t ) − m11 &y&B1

(3.2)

Similarly, for the second level in Building 1, the equation obtains

m12 &y&12 + c12 ( y&12 − y&11 ) + k12 ( y12 − y11 ) + c12 , 22 ( y&12 , B 1 − y& 22 , B 2 )
+ k12 , 22 ( y12 , B 1 − y 22 , B 2 ) = F12 (t )

(3.3)

Substituting for absolute acceleration and relative velocity and displacement and
rearranging, the equation of motion can be rewritten as

m12 &y&12 , B1 + c12 ( y&12 , B1 − y&11, B1 ) + k12 ( y12 , B1 − y11, B1 ) + c12 , 22 ( y&12 , B1 − y& 22 , B 2 )

+ k12 , 22 ( y12 , B1 − y 22 , B 2 ) = F12 (t ) − m12 &y&B1

(3.4)

The equation of motion for adjacent building models can be obtained by writing the
equiliribium equations from the free body diagram of each of the lumped mass of the
building. Thus, for each of the buildings, two equations which are 3.2 and 3.4 can be
written in matrix form. The dynamic equation in matrix form for Building 1 is

0   &y&11, B1  c11 + c12 − c12   y& 11, B1   k11 + k12 − k12   y11, B1 
 m11
+
+


 0 m   &y&
  y&
c
c
k12   y12 , B1 
−
12   12 , B1 
12
12   12 , B1 


 − k12
0   &y&B1 
 c11, 21 ( y& 11, B1 − y& 21, B 2 ) + k11, 21 ( y11, B1 − y 21, B 2 )   F11   m11
+
= −

 
c12 , 22 ( y&12 , B1 − y& 22 , B 2 ) + k12 , 22 ( y12 , B1 − y 22 , B 2 )  F12   0 m12   &y&B1 

The equation of equiliribium of the first floor in Building 2 is

(3.5)
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m 21 &y&21 + c 21 ( y& 21 − y& B 2 ) + k 21 ( y 21 − y B 2 ) − c 22 ( y& 22 − y& 21 ) − k 22 ( y 22 − y 21 )
− c11 , 21 ( y&11 , B1 − y& 21 , B 2 ) − k11 , 21 ( y11 , B 1 − y 21 , B 2 ) = F21 (t )

(3.6)

And the corresponding equation of motion is

m 21 &y&21, B 2 + c 21 ( y& 21, B 2 ) + k 21 ( y 21, B 2 ) − c 22 ( y& 22 , B 2 − y& 21, B 2 ) − k 22 ( y 22 , B 2 − y 21, B 2 )

− c11, 21 ( y& 11, B1 − y& 21, B 2 ) − k11, 21 ( y11, B1 − y 21, B 2 ) = F21 (t ) − m 21 &y&B 2

(3.7)

Finally, for the second level in Building 2, the equation obtains

m 22 &y&22 + c 22 ( y& 22 − y& 21 ) + k 22 ( y 22 − y 21 ) − c12 , 22 ( y& 12 , B1 − y& 22 , B 2 )

− k12 , 22 ( y12 , B 1 − y 22 , B 2 ) = F22 (t )

(3.8)

Substituting for absolute acceleration and relative velocity and displacement and
rearranging, the equation of motion can be rewritten as

m 22 &y&22 , B 2 + c 22 ( y& 22 , B 2 − y& 21, B 2 ) + k 22 ( y 22 , B 2 − y 21, B 2 ) − c12 , 22 ( y&12 , B1 − y& 22 , B 2 )

− k12 , 22 ( y12 , B1 − y 22 , B 2 ) = F22 (t ) − m 22 &y&B 2

(3.9)

In these equations, y11, y12, y21, and y22 denote the absolute displacements of the
lumped mass in Buildings 1 and 2 respectively. Here, the first subscript denotes the
building number and second denotes the nth lumped floor of the building. y11,B1,
y12,B1, y21,B2 and y22,B2 in these equations are the relative displacements of floors with

respect to the base of Buildings 1 and 2 respectively. &y&B1 and &y&B 2 denote the
acceleration of the base or the ground acceleration which each of the two buildings is
subjected. Since the spatial variation of the earthquake is not considered, these
accelerations will be equal. Equations (3.7) and (3.9) which are coupled should be
solved simultaneously. These equations can be more conveniently expressed as

0   &y&21,B 2  c21 + c22 − c22   y& 21,B 2   k 21 + k 22 − k 22   y 21,B 2 
 m21
+

+


 0 m   &y&
c22   y& 22 , B 2   − k 22
k 22   y 22 , B 2 
22   22 , B 2 

 − c22
0   &y&B 2 
 c11, 21 ( y&11, B1 − y& 21, B 2 ) + k11, 21 ( y11, B1 − y 21, B 2 )   F21   m21
−
=
−
   


c12 , 22 ( y&12 , B1 − y& 22 , B 2 ) + k12 , 22 ( y12 , B1 − y 22 , B 2 )  F22   0 m22   &y&B 2 

(3.10)
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Equations (3.5) and (3.10) should be solved simultaneously. A convenient matrix
form can be developed by first combining these equations that lead to the expression

0
0   y&11,B1 
0
0   &y&11,B1  c11 + c12 − c12
m11 0




0 m
0
0   y&12,B1 
0
0   &y&12, B1   − c12
c12
12

+
0
0 c21 + c22 − c22   y& 21,B 2 
0 m21 0   &y&21,B 2   0




 &

 &&
y
y
0
0
0
0
0
−
c
c
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Finally, for collecting stiffness and damping contributions, the equation of motion for
adjacent building systems illustrated in Figure 3.1 can be rewritten as
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In a two degree of freedom model, the equation of motion for adjacent building
systems is shown place at both the floor levels in Eq. 3.12. As in the case of two
degree of freedom system, the equation of motion for adjacent buildings which are
modelled as multi degree of freedom systems can be obtained by writing the
equiliribium equations from the free body diagram of each of the lumped mass of the
building.
3. 4 Equations of Motion of Multi Degree of Freedom Systems
Building A and Building B have n + m stories and n stories, respectively, as shown
in Figure 3.6. The mass, damping coefficient and shear stiffness values for the ith
storey are mi,1, ci,1 and ki,1 for Building A and mi,2, ci,2 and ki,2 for Building B,
respectively. The stiffness of viscous damper and the coefficient of damping at the ith
floor are represented as kd,i and cd,i, respectively.
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Figure 3.6: Structural Model of Coupled Buildings with Joint Dampers
The dynamic model of the coupled buildings is taken to have a 2n+m degree of
freedom system. The equations of motion for this system are expressed as
M Y&& + (C + C d )Y& + (K + K

d

)Y

= − MI Y&&g

where M, C and K are the mass, damping and stiffness matrices of the coupled
buildings, respectively; Cd and Kd are the additional damping and stiffness matrices
consisting of the installation of the fluid viscous damper; Y is the relative
displacement vector with respect to the ground and consists of Building A’s
displacements in the first n + m positions and Building B’s displacements in the last
n positions; I is a unity matrix with all its diagonal elements equal to unity and the

(3.13)
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rest equal to 0; &y&g is the earthquake acceleration at the foundations of the buildings.
The details of each matrix are shown as follows:
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Y T = [y11 , y 21 ,..., y n + m −1,1 , y n + m ,1 , y12 , y 22 ,..., y n −1, 2 , y n , 2 ]
And 0 in Eq. 3.14 and Eq. 3.15 is described as a zero matrix. For the time domain
analysis, the above equations can be used directly for any given time history record
of ground motion. For the frequency domain analysis, the traditional random
vibration-based SRSS (the square root of the sum of the squares of modal responses)
method is used because of the classical damping properties of the damper-building
system via SAP 2000n computer program (2007).

(3.22)
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3. 5 Computer Program and Earthquake Data
Analytical modelling of the fluid viscous dampers is accomplished by using the SAP
2000n package program (2007). The aim of the analysis is to provide the amount of
reduction in the seismic response of the adjacent buildings by using fluid viscous
dampers installed at each storey level. Additionally, the amount of reduction by
using fluid viscous dampers installed at few storey levels is investigated for
determining the optimum placement of the dampers. Four example structures are
investigated under the effects of the N-S and E-W components of the 1940 El Centro,
the 1994 Northridge, the 1989 Loma Prieta and the 1995 Kobe Earthquakes. The
details of these big earthquakes are explained in the following chapter.
3. 6 Modelling the Fluid Viscous Dampers
As an energy-dissipation device, fluid viscous dampers have been used to diminish
earthquake damage to trade structures in many construction projects in current years
(Hou 2008). In this study, the fluid viscous dampers have been modelled by the
linear properties (LPROP) and linear link (LLINK) data forms of the SAP 2000n
computer program (2007). In addition, LLINK for fluid viscous damper is designed
as hinging in the NS and EW directions. For each displacement degree of freedom,
independent damping properties may be specified. The damping properties are based
on the Maxwell model of viscous damper having a linear or nonlinear damper in
series with a spring. The cyclic response of a fluid viscous device is dependent on the
velocity of motion and also depends on the operating temperature, including
temperature rise due to excitation. As recommended by Seleemah and Constantinou
(1997) and by seismic design guidelines such as FEMA 273 (1997), the linear
damper behaviour is given by
FT = CV c exp + KDk = FD + FE

where FT is total output force provided by the damper, C is the damping coefficient,
K is the spring constant, V and Dk are the velocity across the damper and the

displacement across the spring, respectively, c exp is the damping exponent. The
damping exponent must be positive. The practical range between c exp= 0.5 and 2.0
is determined by Hou (2008) and Tezcan and Uluca (2003). In the numerical data of
this study, c exp is taken as unity. It is evident that FT consists of two parts. The first
is the damping force FD which equals C Vc exp. The second is the restoring force FE

(3.23)
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which equals K Dk. Eq. 3.23 shows that FD is proportional to V and the damper is
linear.

Fluid viscous devices may exhibit some stiffness at high frequencies of cyclic
loading. Linear fluid viscous dampers exhibiting stiffness should be modelled as a
fluid viscous device. If nonlinear properties are not specified for a degree of freedom,
that degree of freedom is linear using the effective stiffness, which may be zero. In
the absence of stiffness, the force in the fluid viscous device may be given by:
FD = CV c exp sgn(V )

where sgn is the signum function, in this case, the function defines the sign of the
relative velocity term. In this study, for the linear damper behaviour, the viscosity
coefficient C and stiffness coefficient K are presented in Chapter 4. The selected
parameters for the joint dampers were determined through an optimum parametric
study. They are also practically possible to achieve according to the information
about optimum parametric study provided by Taylor and Constantinou (1996), in the
USA.
3. 7 Summary
In this chapter, two sections are presented. The first section is the theoretical
formulation for modelling two adjacent buildings connected by fluid viscous
dampers. After some assumptions and limitations explained, the equations of motion
for the coupled building systems are derived in terms of mass, stiffness, damping
matrices, adding the contribution of viscous damper to the matrices. The second
section is the analytical modelling of the fluid viscous dampers using the SAP 2000n
package program. For the analytical modelling, four big earthquakes are applied to
four example buildings. Furthermore, the fluid viscous dampers are modelled by
SAP 2000n computer program. For each displacement degree of freedom in all
examples, hinged damping properties are specified. The linear damper behaviour is
shown by Equation 3.23. Chapter 4 presents the application of four main example
buildings.

(3.24)
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4

CHAPTER 4: APPLICATION TO EXAMPLE BUILDINGS

4. 1 Introduction
This study examines the displacement of adjacent building structures from an
analytical perspective in consideration of the effect of fluid viscous dampers. A
linear model of two adjacent buildings is improved incorporating the effects of
geometric and material linearity. A three- dimensional (3D) finite element model has
been defined and the linear time-history analyses have been performed to examine
the seismic behaviour of the following examples. While non-linear direct integration
of time history analysis can be considered in SAP 2000n computer program, linear
analysis of time history analysis is preferred to understand clearly the effect of fluid
viscous damper in this application due to using the linear parametric values of fluid
viscous damper. As a result, the governing equations of motion are solved in the
incremental form using Newmark’s step-by-step method assuming linear variation of
acceleration over a small time interval, ∆t.
4. 2 Ground Motion Frequencies
All earthquake records with the same time intervals have been selected in order to
examine the behaviour of fluid viscous damper. The earthquake time histories
selected to investigate the dynamic analysis of the two buildings in four example
applications are: North-south (N-S) and West-east (W-E) components of Imperial
Valley Irrigation District substation in El Centro, California, during the Imperial
Valley, California earthquake of May, 18, 1940, N-S and W-E components of
Sylmar County Hospital parking lot in Sylmar, California, during the Northridge,
California earthquake of Jan. 17, 1994, N-S and W-E components of Kobe Japanese
Meteorological Agency (JMA) station during the Hyogo-ken Nanbu (Kobe)
earthquake of Jan. 17, 1995, N-S and W-E components of Capitola Fire Station
during the Loma Prieta earthquake of Nov. 17, 1989. The peak ground acceleration
values of Imperial Valley (El Centro), Kobe, Northridge and Loma Prieta earthquake
motions are 0.3495, 0.8337, 0.8428 and 0.47 g, respectively (g is the acceleration due
to gravity). These earthquakes have magnitudes of 7.1, 7.2, 6.8 and 6.9 respectively
in Richter scale.
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All the aforementioned earthquakes have their original duration of 60 s taken at a
total of 3000 time records at an interval of ∆t =0.02 s. Without varying the total time
number, the time interval ∆t of the earthquake can be varied to alter the predominant
frequency of the input motion. For example, soft soil conditions are represented by
increasing the time interval while stiff or rock soil conditions occurs by decreasing
∆t. However, in this study, the time interval ∆t is selected as 0.02 s. The time history
responses including horizontal displacements, velocities, accelerations and internal
forces at all joints and members in all degrees of freedom have been computed. All
the aforementioned earthquakes are shown in Figure 4.1 and in Appendix A-6.

‘Please see print copy for image’

Figure 4.1: Acceleration Time Histories of the Earthquakes in N-S direction
(NOAA 2008)
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4. 3 Example Buildings
For improving the dynamic behaviour of different adjacent buildings connected by
dampers, four main example models are presented in this application. All examples
have some different characteristics. For example, Example 1 consists of two 5-storey
buildings connected by dampers as shown in Figure 4.2 (a). Example 2 has one 10storey building and one 5-storey building that the fluid viscous dampers are placed in
the floors throughout the shortest building as shown in Figure 4.2 (b). Example 3 has
one 20-storey building and one 10-storey building, while Example 4 consists of two
20-storey buildings. The views of both Example 3 and Example 4 are shown in
Figure 4.2 (c) and Figure 4.2 (d), respectively.

Figure 4.2: Views of the Adjacent Building in Four Main Examples
In order to investigate more the effectiveness of fluid viscous, the above mentioned
examples for adjacent buildings are considered as both having similar stiffness and
varied stiffness. Two different cases are derived from the above each example. Case
1 indicates that two adjacent buildings are possessed of various stiffnesses, while
Case 2 shows the coupled buildings having similar stiffnesses. Case 1 is denominated
as (a) in the examples mentioned above. For Case 2, the index of (b) is used in the all
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examples. For Example, Example 1(a) consists of two 5-storey buildings having
different shear stiffness, while Example 1(b) consists of two 5-storey buildings
having the similar shear stiffness. Example 2(a) has one 10-storey building and one
5-storey building which have the different stiffness because of using different size of
columns and beams, while Example 2(b) consists of one 10-storey building and one
5-storey building having the same floor elevations with dampers linking two adjacent
floors which have the same different shear stiffness.

Example 3(a) has one 20-storey building and one 10-storey building which have the
dissimilar stiffness, while Example 3(b) consists of one 20-storey building and one
10-storey building having the same different shear stiffness. Example 4(a) consists of
two 20-storey buildings having various shear stiffness. Finally, Example 4(b)
consists of two 20-storey buildings having the same elevations with dampers
connecting two neighbouring floors which have the same stiffness and the same
structural damping ratio.

Two fluid viscous dampers are designated as Damper 1 (D1) and Damper 2 (D2) in
each example. According to Xu et al. (1999), the damping coefficient was
determined to be around 1.0 ×10 6 N × s m with a small variation for adjacent
buildings in their studies. Therefore, for both dampers, the damping coefficients in
the four main examples are determined as cd= 0.25 × 10 6 N × s m and cd=
0.85 × 10 6 N × s m respectively. The restoring force FE mentioned in Eq. 3.23 is not
considered in this application in order to avoid impact load to columns and beams
and to investigate the effect of damping coefficient. Hence, the damping stiffness is
set to zero for the joint dampers.

The details of Example 1 are explained in the following section. In order to
investigate the effects of the two different fluid viscous dampers onto existing
adjacent buildings having either different heights or the same heights, four main
example models are presented for adjacent buildings in this application. The studies
then go to the adjacent buildings consisting of one 10- storey building and one 5storey building. One 20-storey building and one 10-storey building are examined in
Example 3. Finally, the analytical studies are conducted for the two 20-storey
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buildings in Example 4. Table 4.1 shows the sizes of columns and beams in the
buildings for all examples mentioned above.
Table 4.1: The sizes of Columns and Beams in the Buildings for Each Example
Example

Building A

Building B

Beam

Beam

Column*

Beam

Beam

Column*

Height

Width

Dimension

Height

Width

Dimension

(mm)

(mm)

(mm)

(mm)

(mm)

(mm)

1(a)

600

250

600X300

500

250

500X300

1(b)

500

250

500X300

500

250

500X300

2(a)

600

250

600X300

500

250

500X300

2(b)

500

250

500X300

500

250

500X300

3(a)

600

300

700X400

500

300

600X300

3(b)

500

300

600X300

500

300

600X300

4(a)

600

300

700X400

500

300

600X300

4(b)

500

300

600X300

500

300

600X300

No

*Column Dimensions are shown in Figure 4.3
Figure 4.3 indicates the plan view of columns and beams in the adjacent building for
all examples including the locations of the fluid fuscous dampers.

Figure 4.3: Plan View of Columns and Beams in the Adjacent Buildings for All
Examples
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4.3.1

Application to Example 1

Example 1 is composed into two different models. The primary focus of this
application is shown as Example 1(a) having different shear stiffnesses. Example
1(a) consisting of two 5-storey buildings are analysed using SAP 2000n package
program. Building A and Building B which have 2- bay reinforced concrete frame
are shown in Figure 4.4.

Building A

Building B

Figure 4.4: Elevation View of the two Reinforced Concrete Buildings for Example
1(a) and Example 1(b) in SAP 2000n Computer Program
The adjacent buildings are connected with the viscous damper devices at each storey
level as shown in Figure 4.5 (a) and Figure 4.5 (b). For all modes, both buildings
have damping ratios of 5% of the critical structural damping (ζ=0.05). In this way,
the structural damping coefficient in SAP 2000n is automatically calculated from the
expression at below.

[C ] = diag (2Mξω )

(4.1)

where [C] is the modal damping matrix, M, ξ and ω are the modal mass, the
damping ratio and natural frequency, respectively. The mass and shear stiffness of
each building are calculated. Different size of columns and beams has been used for
the frames in order to investigate the sole control of fluid viscous dampers. Example
1(b) shows the adjacent buildings both having the same height and having the same
shear stiffness for matching Example 1(a). Hence, in the adjacent buildings having
the same heights, the importance of the joint dampers can be seen onto couple
buildings either having different stiffness or having the same shear stiffness.
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Dead Load: 18 kN/m
Live Load: 12 kN/m

Ua

2m

Ha=15m

Hb=15m

3m

Building A

Building B
(a) Elevation view

Cm;Cr

Ub

Dampers

(b) Finite element mathematical model

Cm;Cr

(c) Plan view

Figure 4.5: Views of Two Adjacent Buildings for Example 1(a) and Example 1(b)
The control performances of the fluid viscous dampers are compared with both the
uncontrolled adjacent structures case and the rigidly connected structures case. A
thorough study is undertaken to notice the effectiveness of fluid viscous damper for
multi degree of freedom adjacent buildings under various earthquake excitations. The
floors apply uniformly distributed loads along the beams throughout. For Example
1(a), although the floor loads in Building A are the same as Building B, the mass of
Building A is less different than Building B because of the size of columns and
beams. For Example 1(b), both the floor loads and the mass of Building A are the
same as Building B. Appendixes A1 and A2 shows the design data of buildings and
material properties. The typical slab loads at floor level of Example 1(a) and (b) are
also shown in Figure 4.5. The typical slab loads at roof level of all examples have a
uniformly distributed load of 18kN/m as dead load and a uniformly distributed load
of 4.5kN/m as live load along the beams throughout. The typical slab loads at floor
level of all examples have a uniformly distributed load of 18kN/m as dead load and a
uniformly distributed load of 12kN/m as live load along the beams throughout. Table
4.2 shows the parameters of the structural system in the buildings for all examples
mentioned above. In appendixes A3, A4 and A5, slab loads are shown for each
example. The distance between two adjacent buildings and the height of floors are
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presented as 2m and 3m, respectively, as shown in Figure 4.5 (a). The results in this
study are demonstrated graphically in the following chapter.
4.3.2

Applications to Other Example Buildings

The studies of the other example buildings are conducted to find beneficial fluid
viscous damper for different types of adjacent buildings in order to achieve the
maximum response reduction of the coupled buildings under various earthquake
excitations. All results of these example buildings are shown separately in the
following Chapter.

For Example 2, two different adjacent buildings are modelled as Example 2(a) and
2(b). Two adjacent buildings consisting of one 10-storey building and one 5-storey
building are analysed using SAP 2000n computer program. Building A is a 10storey, 2-bay reinforced concrete frame adopted from the verification manual of the
SAP 2000n package program. Building B is a 5-storey, 2-bay reinforced concrete
frame as shown in Figure 4.6. In Example 2(a), the buildings have different shear
stiffness, although the buildings have the same shear stiffness in Example 2(b). The
natural frequencies are smaller in Building A than Building B due to the two
different heights of the buildings.

Building A

Building B

Figure 4.6: Elevation View of the two Reinforced Concrete Buildings for Example 2
(a) and Example 2(b) in SAP 2000n Computer Program
Figure 4.7 shows the distribution of typical slab at each storey. As shown in Figure
4.7 (b), the adjacent buildings are connected with dampers in alignment. The linked
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dampers at each floor have the same damping coefficient as Example 1 discussed in
Section 4.3.1.

Dead Load: 18 kN/m

Ua

2m

Dampers

3m

Ub

Hb=15m

Ha=30m

Live Load: 12 kN/m

Building A
Building B
(a) Elevation view

Cm;Cr

(b) Finite element mathematical model

Cm;Cr

(c) Plan view

Figure 4.7: Views of Two Adjacent Buildings for Example 2(a) and Example 2(b)
The third example buildings which are one 20-storey building and one 10-storey
building are analysed by using SAP 2000n package program. In Example 3, the floor
load and structural damping coefficients of Building A for each storey are the same
as Building B. But, in Example 3(a), the shear stiffness is smaller in Building B than
Building A. Example 3(b) consists of the adjacent buildings having the same shear
stiffness but having different heights. Hence, the structural heights of Example 2
discussed in the previous section, which include the mass and the shear stiffness, are
changed in Example 3 to check the effectiveness of joint dampers. Figure 4.8 shows
the model view of the reinforced concrete buildings with two dimension views of the
sizes of beams and columns.
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Building A

Building B

Figure 4.8: Model View of the two Reinforced Concrete Buildings for Example 3(a)
and Example 3(b) in SAP 2000n Computer Program
Figure 4.9 shows the distribution of typical slab at each storey. As shown in Figure
4.9 (b), the adjacent buildings are connected with dampers in alignment. The linked
dampers at each floor have the same stiffness and damping coefficient as discussed
in Section 4.3. The centre of rigidity of the buildings (Cm) is overlapped the
geometry centre of gravity of the buildings (Cr) as shown Figure 4.9 (c). Hence, the
torsion effects can remain at minimum levels for both buildings. For all modes, both
buildings have damping ratios of 5% of the critical structural damping (ζ=0.05) as
the previous examples.
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Dead Load: 18 kN/m

Ua

Live Load: 12 kN/m

3m

Hb=30m

Ha=60m

Ub

2m

Dampers

Building A
Building B
(a) Elevation view
(b) Finite element mathematical model

Cm;Cr

Cm;Cr

(c) Plan view

Figure 4.9: Views of Two Adjacent Buildings for Example 3(a) and Example 3(b)
Last example consists of two parts as the previous examples. Example 4 has two 20storey adjacent buildings having the same floor elevations with dampers connecting
two neighbouring floors. In this application for Example 4(a), the mass and the shear
stiffness of Building A are selected with different characteristics as Building B.
Building A and Building B are two 20-storey buildings having the same floor
elevations, 2-bay reinforced concrete frame as shown in Figure 4.10 with two
dimensional (2D) views of the sizes of columns and beams at each building.
Example 4(a) consists of two 20-storey adjacent buildings having the same floor

46

elevations but with different shear stiffness. The shear stiffness is smaller in Building
B than Building A. Hence, the natural frequencies of the two buildings are smaller in
Building B than Building A. The adjacent buildings are connected with dampers in
alignment. The linked dampers at each floor have the same damping coefficient as
discussed in Section 4.3.1 and 4.3.2.

Building A

Building B

Figure 4.10: Model View of the two Reinforced Concrete Buildings for Example 4 in
SAP 2000n Computer Program
The floor mass and storey stiffness are considered to be uniform for both buildings.
Figure 4.11 (a) indicates the allocation of typical slab at each storey.
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Dead Load: 18 kN/m
Live Load: 12 kN/m

Ub

Ha=60m

Hb=60m

Ua

Dampers

3m

2m

Building A
Building B
(a) Elevation view

Cm;Cr

(b) Finite element mathematical model

Cm;Cr

(c) Plan view

Figure 4.11: Views of Two Adjacent Buildings for Example 4(a) and Example 4(b)
The centre of rigidity of the buildings (Cm) is also overlapped the geometry centre of
gravity of the buildings (Cr) as shown Figure 4.11 (c). Hence, the torsion effects can
remain at minimum levels for both buildings. The masses of the two buildings are
assumed to be same and the damping ratio in each building is taken as 5%. In this
application, the damping coefficients of fluid viscous dampers are selected with the
same characteristics as the previous example. As shown in Figure 4.11, the adjacent
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buildings are connected with dampers in alignment. Example 4(b) consists of two 20storey adjacent buildings having the same floor elevations with the same shear
stiffness. The typical slab loads at each storey for Example 4(b) are the same as
Example 4(a) in Figure 4.11.
4. 4 Summary
In this chapter, four different models for adjacent buildings which have either the
same stiffness or different stiffness are designed by using SAP 2000n package
program. The aim of this chapter is to create different types of coupled buildings in
order to investigate the benefits of fluid viscous dampers. After a brief overview of
used earthquake time histories is presented in this chapter to examine the seismic
behaviour of the two buildings in all examples, the building models are described as
frame buildings and do not include shear buildings. For all models, the damper
damping coefficient remains unchanged.

The first example is two 5-storey buildings having 2-bay reinforced concrete frames.
The adjacent buildings consisting of the same floor elevations are shown in this
chapter. Moreover, Example 1 has two parts. In Building A in Example 1(a), the
stiffness of the columns is bigger than Building B, although Building A in Example
1(b) is completely the same as Building B in terms of the dynamic characteristics. In
this example, the aim is to show the overall effectiveness of the dampers in the same
adjacent buildings in terms of the dynamic characteristics but with the same heights.

The second example is one 10-storey Building A and one 5-storey Building B where
each building consists of 2-bay reinforced concrete frames. Although these buildings
have the same mass and structural damping coefficient, the heights of the adjacent
buildings are different. In this example, the aim is to demonstrate the overall
effectiveness of the dampers in the same coupled buildings in terms of the dynamic
characteristics but with different heights. As Example 1, Example 2 consists of two
parts in conjunction with either the same stiffness or different stiffness.

The third example is one 20-storey Building A and one 10-storey Building B that
include 2-bay reinforced concrete frames. For Example 3(a), the shear stiffness of
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Building A is more than the shear stiffness of Building B because the widths of
columns and beams in Building A are widen as an alteration from Example 2. Hence,
the mass and shear stiffness of the buildings are different. In this example, the aim is
to demonstrate the overall effectiveness of the dampers in the different coupled
buildings in terms of the dynamic characteristics but with different heights.

Finally, Example 4 is two 20-storey reinforced concrete buildings having different
stiffness in each building. The aim of Example 4(a) is to investigate the benefits of
the dampers in conjunction with the different shear stiffness but with the same
heights. Example 4(b) is two 20-storey buildings having 2-bay reinforced concrete
frames. The adjacent buildings consisting of the same floor elevations are shown in
this chapter. Moreover, the Building A is completely the same as Building B in terms
of the dynamic characteristics. In this example, the aim is to show the overall
effectiveness of the dampers in the same adjacent buildings in terms of the dynamic
characteristics but with the same heights. Table 4.2 and Table 4.3 show the
parameters of the structural system in the buildings for all examples mentioned
above.
Table 4.2: Parameters of Structure System in the Buildings for Examples (a)
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In all examples, the optimum parameters of fluid viscous dampers in previous studies
are used for the characteristics of the dampers. For both dampers, the damping
coefficients in all the four cases are determined as cd= 0.25 × 10 6 N × s m and cd=
0.85 × 10 6 N × s m respectively. The following chapter shows the results of these
four examples to understand the effectiveness of fluid viscous damper for the
different types of adjacent buildings.
Table 4.3: Parameters of Structure System in the Buildings for Examples (b)
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5

CHAPTER 5: RESULTS IN FREQUENCY AND TIME DOMAINS
5. 1 Introduction

In this study, the numerical study is carried out in two sections. All obtained results
are evaluated by SAP 2000n computer program, using both frequency domain and
time domain. This chapter presents the effectiveness of fluid viscous dampers
investigated in terms of the reduction of displacement, acceleration and shear force
responses of the coupled buildings in four different examples. All results are shown
with graphics taken from SAP 2000n package program in the following sections.
Moreover, optimum placement of dampers for all examples is determined, creating
some cases on linking dampers the following chapter.
5. 2 Results in frequency domain
The first section of the numerical study is that the response spectrum curves are used
for the response analysis, using the mentioned earthquakes in Section 4.2. In
frequency domain, SAP 2000n computer program gives graphically results based on
the displacement-frequency and the acceleration-frequency. In this section, the
graphs of the examples which show the displacement-frequency and the accelerationfrequency are presented separately for each example.

For Example 1(a), Figure 5.1 indicates the top floor displacement spectral density
functions of the two buildings relative to the ground with and without joint dampers.
As mentioned above, two different damping coefficients for joint dampers are used
for each example as Damper 1 (D1) and Damper 2 (D2). From the spectral density of
the unlinked buildings, the first two natural frequencies of Building A can be
identified in conjunction with the related earthquakes. For example, the first two
natural frequencies of Building A during the 1989 Loma Prieta earthquake in N-S
direction are defined to be 3.20 and 6.82 Hz. The third natural frequency is beyond
30 Hz for Building A. The first three natural frequencies of Building B are
determined to be 2.69, 6.67 and beyond 30 Hz, respectively. It is clearly seen from
Figure 5.1 that the displacement peaks of two unconnected adjacent buildings
become smaller with increasing natural frequency.
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Figure 5.1: Spectral Density of Top Floor Displacements of two Adjacent Buildings
for Example 1(a) in two directions
In the two adjacent buildings connected by jointed dampers, the first natural
frequency of both Building A and Building B remain constant although the spectral
density of the top floor displacement of both buildings reduces significantly in both
directions. The spectra density of the top floor displacement of adjacent buildings
linking with Damper 2 is smaller than adjacent buildings linking with Damper 1.
There are no big differences in the lowest natural frequencies for both buildings.
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However, the second frequency of Building A linking Damper 1 is slightly decreased
to 6 Hz. It is shown during the 1989 Loma Prieta earthquake from Figure 5.1 that all
displacements in E-W direction are reduced significantly, installing joint dampers
with optimum parameters.

Moreover, the spectral density of top floor acceleration for the buildings is shown in
Figure 5.2. The peaks in the spectral density graphs for both buildings which are not
connected become nearly the same with the increasing natural frequency in all
earthquakes, except the 1995 Kobe earthquake. During this earthquake, the peaks
become smaller with increasing natural frequency. This indicates that the
contribution of higher modes of vibration to the acceleration responses can be very
important for the uncontrolled buildings under the selected earthquake movement.
Newton’s second law of motion confirms the contribution of vibration to the
acceleration responses. Additionally, the instalment of fluid viscous dampers to link
two adjacent buildings indicates that peaks are significantly decreased, particularly at
higher natural frequencies.
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Figure 5.2: Spectral Density of Top Floor Acceleration of two Adjacent Buildings for
Example 1(a) in two directions
For Example 1(b), the spectral of top floor displacement of Building A without
damper is the same as Building B without Damper because of having both the same
structure height and the same shear stiffness as shown in Figure 5.3.
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Figure 5.3: Spectral Density of Top Floor Displacements of the Adjacent Buildings
for Example 1(b) in two directions
The values of the spectral density of top floor displacement for both buildings linking
dampers are changed slightly with the increasing natural frequency although both
buildings have the same characteristics. However, in E-W direction, there is no big
difference between adjacent buildings without damper and adjacent building with
damper. Figure 5.4 indicates that Spectral Density of Top Floor Acceleration of the
Adjacent Buildings for Example-1(b) in N-S and E-W directions.
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Figure 5.4: Spectral Density of Top Floor Acceleration of the Adjacent Buildings for
Example-1(b) in two directions
It can be seen from Figure 5.4 that the peaks of top floor accelerations for Building B
with Damper 1 become smaller than Building A with Damper 1.

57

For Example 2(a), Figure 5.5 shows the top floor displacement spectral density
functions of the coupled buildings in terms of being with and without joint dampers.
According to the spectral density of the buildings from Figure 5.5, the first three
natural frequencies can be clearly seen in association with the related earthquake.

Figure 5.5: Spectral Density of Top Floor Displacements of two Adjacent Buildings
for Example 2(a) in two directions
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In Building A without dampers in N-S Loma Prieta 1989 earthquake, the first three
natural frequencies are identified to be 0.9, 2.7, 6.8 Hz respectively, while the first
three natural frequencies of Building A with Damper 1 are determined to be 1.1, 2.8,
7 Hz respectively. For Building B without dampers in N-S Loma Prieta 1989
earthquake, the first three natural frequencies are found to be 1.1, 3.6, 6.5 Hz, while
these frequencies for Building B connected by jointed Damper 1 are determined to be
1, 2.9, 6.4 Hz respectively. These frequencies clearly show that the modes of the
buildings are well separated. The displacements in the lowest natural frequencies for
Building B connected by Damper 1 and Damper 2 become smaller with increasing
frequency in all earthquakes when it is compared with Building B unconnected by
dampers. In addition, all displacements of Building B are reduced significantly,
installing joint dampers with optimum parameters. As discussed in Example 1(a), it
can be seen from Figures 5.1 and 5.5 that the dampers are more effective for the
lower buildings than the higher buildings in terms of the reduction of the
displacements in both the lowest frequencies and the highest frequencies.

The spectral density of the top floor acceleration for the buildings is indicated in
Figure 5.6. Although the peaks in these graphs for Building A become smaller with
increasing frequencies, the peaks for Building B become higher significantly in 1989
Loma Prieta earthquake and 1994 Northridge earthquake for both directions.
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Figure 5.6: Spectral Density of Top Floor Acceleration of two Adjacent Buildings for
Example 2(a) in two directions
However, the reduction of the peaks becomes higher after using joint dampers for
Building B. As a result, it is shown from Example 2(a) that in the coupled buildings
having the different heights, the effectiveness of fluid viscous dampers become less
important for the medium-rise building than the low-rise building.
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For Example 2(b), Figure 5.7 shows the spectral density of top floor displacements of
the adjacent buildings for Example 2(b) in two directions. Generally, the linked
adjacent buildings indicate that peaks during all earthquakes at higher natural
frequencies replace slowly with increasing natural frequency.

Figure 5.7: Spectral Density of Top Floor Displacements of the Adjacent Buildings
for Example 2(b) in two directions
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It can be seen in Figure 5.7 that although both buildings have the same characteristics
in terms of shear stiffness and structural damping ratio, the amount of the reduction
of the peaks for Building B is more than Building A due to having different height.
Figure 5.8 investigates the spectral density of top floor acceleration of the adjacent
buildings for Example-2(b) in two directions.

Figure 5.8: Spectral Density of Top Floor Acceleration of the Adjacent Buildings for
Example-2(b) in two directions
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It can be said in terms of acceleration that Damper 2 is more effective for the
decreasing than Damper 1. Placement of dampers as diagonal (see Fig.4.6(c))
becomes important to provide the reduction in conjunction with the E-W direction.

For Example 3(a), the results of the top floor displacement spectral density functions
and the top floor acceleration functions of both the 20-storey building and the 10storey building are shown in Figure 5.9 and 5.10.

Figure 5.9: Spectral Density of Top Floor Displacements of two Adjacent Buildings
for Example 3(a) in two directions
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The reduction of displacements of Building B is more obvious than Building A.
Hence, it can be observed that the fluid joint dampers can be more effective for the
low-rise Building B than the high-rise Building A.

Figure 5.10: Spectral Density of Top Floor Acceleration of two Adjacent Buildings
for Example 3(a) in two directions
It can be noted from Figure 5.10 that the peaks of accelerations are made very often
in the lowest frequencies for either adjacent buildings linking dampers or coupled
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buildings without dampers. It is interesting that although Damper 2 has more
damping coefficient than Damper 1 and medium-rise buildings linking Damper 2 are
more effective in terms of the reduction of acceleration than high-rise buildings
linking Damper 2, the amount of the reduction of acceleration for both buildings
linking Damper 2 become similar to both buildings connecting Damper 1 in the E-W
direction.

For Example 3(b), Figure 5.11 shows spectral density of top floor displacements of
the adjacent buildings for Example 3(b) in two directions.
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Figure 5.11: Spectral Density of Top Floor Displacements of the Adjacent Buildings
for Example 3(b) in two directions
As shown from Figure 5.11, when adjacent buildings having the same characteristics
but having different heights are connected with either Damper 1 or Damper 2, the
first three natural frequencies are almost similar as the adjacent buildings without the
related dampers even though the peaks become smaller with increasing frequencies.
Figure 5.12 indicates spectral density of top floor acceleration of the adjacent
buildings for Example 3(b) in two directions. It can be seen from Figure 5.12 that the
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peaks are more often with increasing frequencies. Therefore, the increase of the
number of stories between adjacent buildings can be caused more peaks of adjacent
buildings.

Figure 5.12: Spectral Density of Top Floor Acceleration of the Adjacent Buildings
for Example 3(b) in two directions
For Example 4(a), the results of the top floor displacement spectral density functions
for both buildings are shown in Figure 5.13. It can be seen from Figure 5.13 that the
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buildings have small differences in the spectral density functions of the top floor
displacements in the highest frequencies, especially in N-S Kobe 1995 and N-S
Northridge earthquakes. The peaks in Figure 5.13 for the adjacent buildings become
smaller with increasing natural frequencies during all earthquakes. In Building A
without dampers in N-S Loma Prieta 1989, the first two natural frequencies are
identified to be 0.6, 1.8 Hz respectively, while the first two natural frequencies of
Building A with Damper 1 are determined to be 0.8, 2.0 Hz respectively. For
Building B without dampers in N-S Loma Prieta 1989 earthquake, the first two
natural frequencies are found to be 0.6, 1.5 Hz, while these frequencies for Building
B connected by jointed dampers are determined to be 0.7, 1.6 Hz respectively.

Figure 5.13: Spectral Density of Top Floor Displacements of two Adjacent Buildings
for Example 4(a) in two directions
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The spectral density of the top floor acceleration for the buildings is shown in Figure
5.14. Although the peaks in these graphs for unlinked buildings become smaller with
increasing frequencies, the peaks for linked buildings become smaller significantly.
As a result, it is shown from Example 1 and Example 4 that the effectiveness of fluid
viscous dampers becomes less important for the high-rise adjacent buildings than the
low-rise adjacent buildings.

Figure 5.14: Spectral Density of Top Floor Acceleration of two Adjacent Buildings
for Example 4(a) in two directions
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It can be noted from Figure 5.15 and Figure 5.16 that both buildings have the same
results because of having the same characteristics. There are no big differences in the
highest and lowest natural frequencies for both the linked and unlinked buildings.
Moreover, the peaks in Figure 5.16 for the adjacent buildings become smaller in the
highest natural frequencies during all earthquakes. During these earthquakes, the
peaks become nearly the same in the highest frequencies. The peaks for both
buildings remain constantly in the lowest frequencies expect the N-S Loma Prieta
1989 earthquake. During this earthquake, there is no effect from dampers to adjacent
buildings in the lowest frequencies.
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Figure 5.15: Spectral Density of Top Floor Displacements of the Adjacent Buildings
for Example 4(b) in two directions
Moreover, by contrast with Example 4(b), the effectiveness of fluid viscous dampers
for Example 4(a) can be clearly seen in the lowest frequencies in N-S Northridge
1994.
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Figure 5.16: Spectral Density of Top Floor Acceleration of the Adjacent Buildings
for Example 4(b) in two directions
5. 3 Results in Time Domain
In the second section of the numerical study, the graphs of displacement-time and the
shear force-time are presented with the results obtained from SAP 2000n package
program. In time domain, the graphs of the examples which show the displacementtime and the shear force-time are presented separately for each example to confirm
the effectiveness of the joint dampers.
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For examining the displacements of seismic response, the coupled building structures
in all examples are subjected to earthquake ground motion with time history of
ground acceleration of four simulated earthquakes, which are derived from: (i) El
Centro. The N-S and E-W component recorded at the Imperial Valley Irrigation
District Substation in El Centro, California, during the Imperial Valley, California
earthquake of May 18, 1940. (ii) Northridge. The N-S and E-W component recorded
at Sylmar County Hospital Parking Lot in Sylmar, California, during the Northridge,
California earthquake of January 17, 1994. (iii) Kobe. The N-S and W-E component
recorded at Kobe Japanese Meteorological Agency (JMA) Station, during the
Hyogo-ken Nanbu, Kobe earthquake of January 17, 1995. (iv) Loma Prieta. The N-S
and W-E component recorded at Capitola Fire Station, during the Loma Prieta
earthquake of November 17,1989.

For examining the shear force, buildings have been subjected to earthquake ground
motion with time history of ground acceleration of the earthquakes mentioned above.
This study is shown with the graphs including two directions. The graphs of shear
force-time for all examples are shown below.

For Example 1, the time histories of the top floor displacement of the adjacent
buildings in N-S direction are presented in Figure 5.17, respectively, with and
without the joint dampers.
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Figure 5.17: Time Histories of Top Floor Displacements of the Two Adjacent
Buildings for Example 1(a) in N-S direction
It should be noted that within the first three seconds, the amplitudes of displacement
of both buildings are not reduced. However, from the first three seconds to ten
seconds, the peak responses of both buildings in N-S 1989 Loma Prieta earthquake
are reduced with the peak response reduction range from 45% to 65% for adjacent
buildings linking Damper1.
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Figure 5.18: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 1(a) in E-W Direction
Figure 5.18 displays time histories of top floor displacement of the adjacent buildings
for Example 1(a) in E-W direction. It is interesting that the top floor displacements
for Building A connecting Damper 2 are reduced with the peak response reduction
range as around 50%. The reduction range for Building B linking Damper 2 is 65%
after first five seconds, due to the fact that the shear stiffness is smaller in Building B
than Building A.
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Figure 5.19 shows shear force-time graphs for Example 1(a) in two directions. The
time histories of the base shear force responses in E-W direction to find the effective
behaviour of damper on shear force of the floors, with decreasing the values of force.
It is interesting that the amplitude of shear force for Building B is not reduced for
both Damper 1 and Damper 2 in 1940 Elcentro and 1995 Kobe earthquakes in E-W
direction, although the amplitude of shear force for Building A are reduced with the
peak response reduction range from 10% to 52% within first three seconds in these
earthquakes.

Figure 5.19: Shear Force- Time Graphs in N-S and E-W directions for Example 1(a)
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For Example 1(b), Figure 5.20 indicates time histories of top floor displacement of
the adjacent buildings in two directions. As expected that both buildings either
linking Damper 1 or connecting Damper 2 have the same reduction range in two
directions owing to having the same characteristics. For this reason, Figure 5.20
investigates the displacements in two directions. It can be clearly seen that the
amplitudes of top floor displacements of adjacent buildings both having the same
shear stiffness and having the same height in E-W direction are not reduced with
Damper 1 and Damper 2.
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Figure 5.20: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 1(b) in Two Directions
Figure 5.21 shows shear force- time graphs of the adjacent buildings for Example
1(b) in two directions. As mentioned above, for the same adjacent buildings, the
effectiveness of dampers can be seen for N-S direction in terms of the reduction of
shear force, while the effectiveness of dampers for both buildings in E-W direction
can not be seen in Figure 5.21.
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Figure 5.21: Shear Force- Time Graphs of the Adjacent Buildings for Example 1(b)
in Two Directions
For Example 2(a), Figure 5.22 indicates the time histories of the top floor
displacement of the adjacent buildings in N-S direction, respectively, with and
without the related dampers. Within the first nine or eleven seconds, the amplitudes
of displacement of Building A are reduced with the peak response reduction range
from 20% to 45% with Damper 1 while the peak response reduction range is from
25% to 65% with Damper 2 in N-S Elcentro 1940 earthquake. However, after the
first eleven seconds, the peak responses of Building B in N-S direction are reduced
with the peak response reduction range from 30% to 70%.

79

Figure 5.22: Time Histories of Top Floor Displacements of the Two Adjacent
Buildings for Example 2(a) in N-S direction
Time histories of top floor displacement of the adjacent buildings for Example 2(a)
in E-W direction are shown in Figure 5.23. It can be said that the reductions of top
floor displacement are changed slightly in Building A whereas the peaks response
reduction range are changed significantly.
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Figure 5.23: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 2(a) in E-W Direction
For investigating the benefits of fluid viscous dampers on shear forces of the
buildings, SAP 2000n computer program shows the shear force-time graphs together
for the adjacent buildings.

Figure 5.24 shows the time histories of the base shear force responses for both the
Northridge 1994 and the Loma Prieta 1989 in two directions, with decreasing the
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values of force. It is seen from Figure 5.24 that the force responses of Building A are
not reduced significantly for all directions.

Figure 5.24: Shear Force- Time Graphs in N-S and E-W directions for Example 2(a)
Time histories of top floor displacement of the adjacent buildings for Example 2(b)
in N-S direction are examined in Figure 5.25. The amplitude of reduction of
displacements for Building B with Damper 2 is higher than the peaks response
reduction range of Building A with Damper 2 in N-S Northridge 1994.
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Figure 5.25: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 2(b) in N-S Direction
In E-W direction, when Example 2(b) compares with Example 1(b), it can be seen
that Building B which is the 5- storey building has much reduction ranges in terms of
displacements in Figure 5.26. Therefore, using dampers for adjacent buildings having
different heights is more beneficial than adjacent buildings having the same heights.
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Figure 5.26: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 2(b) in E-W Direction
Figure 5.27 indicates the shear force- time graphs of the adjacent buildings for
Example 2(b) in two directions. It is seen that there are not any differences in the
amplitudes of displacement for E-W direction.
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Figure 5.27: Shear Force- Time Graphs of the Adjacent Buildings for Example 2(b)
in two Directions
For Example 3(a), Figure 5.28 demonstrates the time histories of top floor
displacements of the two adjacent buildings for Example 3(a) in N-S direction. The
adjacent buildings having different dynamic characteristics are connected by
dampers in N-S direction. It can be observed from N-S Northridge 1994 in Figure
5.28 that both the stiffness and the heights of Building A are higher than Building B.
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For this reason, the reduction of top floor displacements of Building A with either
Damper 1 or Damper 2 is less than Building B with either Damper 1 or Damper 2.

Figure 5.28: Time Histories of Top Floor Displacements of the Two Adjacent
Buildings for Example 3(a) in N-S direction
Another interesting observation in Figure 5.28 is that using Damper 1 or Damper 2 in
Building B is not changed in terms of the reduction rate of displacements of Building
B without dampers. Figure 5.29 shows that displacements of Building A linking
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Damper 1 are similar with Building A without dampers in E-W direction except 1989
Loma Prieta and 1994 Northridge earthquakes.

Figure 5.29: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 3(a) in E-W Direction
Figure 5.30 shows the shear force- time graphs in N-S and E-W directions for
Example 3(a). In N-S direction, the shear forces of Building A according to time are
changed significantly when it is compared with E-W direction.
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Figure 5.30: Shear Force- Time Graphs in N-S and E-W directions for Example 3(a)
For Example 3(b), time histories of top floor displacement of the adjacent buildings
for Example 3(b) in N-S direction are shown as Figure 5.31. In N-S Elcentro 1940
and N-S Kobe 1995, the values of displacements for Building A linking Damper 1
are changed with the peaks reduction range from 10% to 50% within the first ten
seconds, while the peaks for Building A connecting Damper 2 are reduced from 20%
to 70% within the first ten seconds.
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Figure 5.31: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 3(b) in N-S Direction
Moreover, using dampers in terms of the reduction range for Building B is more
important than Building A. Figure 5.32 investigates the time histories of top floor
displacement of the adjacent buildings for Example 3(b) in E-W direction.
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Figure 5.32: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 3(b) in E-W Direction
It can be noted that top floor displacements for Building A are not changed
significantly in E-W Loma Prieta 1989. In Figure 5.33, shear forces of both buildings
are not different even though the adjacent buildings are connected with different
dampers in terms of damping coefficients.
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Figure 5.33: Shear Force- Time Graphs of the Adjacent Buildings for Example 3(b)
in two Directions
For Example 4(a), Figure 5.34 shows the time histories of the top floor displacement
of the adjacent buildings for all earthquakes in N-S direction, respectively, with and
without the joint dampers. For adjacent buildings connected with Damper 1 or
Damper 2, it is seen that there are no differences in the amplitudes of displacement
for N-S direction as a different from Example 1(a).
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Figure 5.34: Time Histories of Top Floor Displacements of the Two Adjacent
Buildings for Example 4(a) in N-S direction
Within the first nine or eleven seconds, the amplitudes of top floor displacement of
Building A in N-S Elcentro 1940 are reduced significantly, while the amplitudes in
the same earthquake are not reduced. In addition, after the first eleven seconds, the
peak responses of the buildings in N-S direction in both earthquakes are reduced with
the peak response reduction range from 30% to 60%.
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Furthermore, Example 4 shows that the effectiveness of the dampers for the coupled
buildings having different shear stiffness but with the same elevations is more than
the adjacent buildings having the same stiffness and heights.

Figure 5.35: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 4(a) in E-W Direction
The fluid viscous dampers can reduce significantly the amplitudes of displacement in
N-S direction because of being different the shear forces of each building, especially

93

1994 Northridge earthquakes. Figure 5.36 demonstrates the shear force-time graphs
for Example 4(a) in N-S and E-W directions using Northridge 1994 and Loma Prieta
1989 earthquakes.

Figure 5.36: Shear Force- Time Graphs in N-S and E-W directions for Example 4(a)
The dampers can mitigate the amplitudes of shear forces in both earthquakes. After
the first ten seconds, the peak responses of the buildings in E-W direction in both
earthquakes are reduced with the peak response reduction range from 10% to 20%.
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For Example 4(b), the results of the time histories of the top floor displacements and
the base shear force responses of two 20-storey buildings are shown in Figure 5.37
and 5.38 with all earthquakes. It is shown from Figure 5.37 that the amplitudes of
displacement in N-S direction within 15 seconds are mitigated. However, the peaks
are reduced significantly with the peak response reduction range from 30% to 70%,
although the adjacent buildings have the same height. In E-W direction, there is
difference in terms of the response between the unlinked and linked Buildings A and
B.

Figure 5.37: Time Histories of Top Floor Displacement of the Adjacent Buildings for
Example 4(b) in two Directions
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Figure 5.38 indicates shear force- time graphs of the adjacent buildings for Example
4(b) in two directions under Kobe 1995 and Elcentro 1940 earthquakes. As shown in
Figure 5.38, the reduction of shear forces for Example 4(b) is more than Example
1(b). The amplitudes of the forces for earthquakes mentioned above in E-W direction
are not reduced.

Figure 5.38: Shear Force- Time Graphs of the Adjacent Buildings for Example 4(b)
in two Directions
It can be seen from all examples discussed above that the linked buildings by
dampers at all floors are more effective than the unlinked buildings for the mitigation
of earthquake effects. The following section investigates the optimum placement of
dampers instead of placing them at all the floors.
5. 4 Summary
In this chapter, the results of all examples are evaluated based on the reduction of
displacement, accelerations and shear force responses of the adjacent buildings. The
numerical results are carried out in two groups, namely, frequency domain and time
domain.

Firstly, frequency domain is graphically evaluated in terms of the spectral density
functions of displacement and acceleration for the four example buildings. In
Example 2 and Example 3, it is clearly seen that by using damper for the lower
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Building B is more beneficial than the higher Building A. There is a trend that the
joint dampers are more useful for lower adjacent buildings than for higher adjacent
buildings. In Example 2(b) and Example 3(b), it can be observed that the peaks are
slowly changed, although the buildings have the same dynamic characteristics.

Secondly, time domain is graphically evaluated in terms of the time histories of base
shear force and displacement for the four example buildings. In Example 1 and
Example 4, it is shown that the amplitudes of displacement are reduced significantly
in N-S direction, although the unlinked and the linked buildings have different
reduction of the amplitude of displacement in E-W direction. The maximum
reduction of the top floor displacement is 50% in Example 2, while the reduction is
almost 35% in Example 3. Example 4(b) shows that using damper for high adjacent
buildings having the same characteristics can not be reduced to the amplitude of
displacements. Example 4(a) shows that the absolute displacements in terms of floor
number are mitigated using fluid dampers for high adjacent buildings having
different shear stiffness.
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6

CHAPTER 6: RESULTS FOR OPTIMUM PLACEMENT OF DAMPERS
6. 1 Introduction

In order to minimize the cost of dampers, the responses of the two adjacent buildings
are investigated by considering only 3 dampers (almost 50% of the total) with
optimum damper properties obtained by Xu et al. (1999) at selected floor locations.
For locations of the dampers, the floors whichever has the maximum relative
displacement are selected. Many trials are carried out to arrive at the optimal
placement of the dampers. The graphs shown below are the variation of the
displacements in all the floors for different cases. It can be noted that the maximum
displacement values in original duration of 60 s taken at a total of 3000 time records
at an interval of 0.02 s are selected for the graphs below. To illustrate the overall
effectiveness of fluid viscous dampers on adjacent buildings, the standard deviations
of displacement at each floor for each building with and without dampers are
indicated by using selected earthquakes as below.
6. 2 Results of Optimum Placement of Dampers
Figure 6.1 shows the four cases which were investigated for Example 2. For the
remaining examples, Case (i) represents the control case where the buildings are not
connected. In Case (ii), the dampers are placed in all floors. The dampers in Case
(iii) are placed at odd floors. Finally, the dampers in Case (iv) are placed in the floors
above the middle of the shorter buildings.
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Figure 6.1: Locations of Dampers in Adjacent Buildings of Example 2
For Example 1(a), Figure 6.2 shows the variation of the absolute displacements,
namely, when Case (i) unconnected, Case (ii) connected at all the floors, Case (iii)
connected at Floors 3, 4 and 5 and Case (iv) connected at Floors 1, 3 and 5. It can be
observed from the figures that the dampers are more effective when they are placed
at Floors 3, 4 and 5. For the purpose of occurring cases, the time history of the
relative horizontal displacements at the top level of two 5- storey buildings are
indicated for uncontrolled and controlled adjacent buildings in Figure 6.2. When the
dampers are located to these floors, the displacements in all the stories are reduced
almost as much as when they are attached at all the floors. Hence, Floors 1, 3 and 5
are considered to be the optimal placement of the dampers. It shows that the dampers
at appropriate placements can alleviate considerably the seismic responses of the
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coupled system. The dampers at appropriate placements reduce the cost of the
dampers to a greater level.

Figure 6.2: Variation of the Displacements along the floors for Example 1(a)
For Example 1(b), using damper adjacent buildings having the same heights is more
beneficial when Case 4 with Damper 2 is provided for adjacent buildings as shown
Figure 6.3. However, Case 3 with Damper 2 can be more beneficial under some
earthquakes such as Loma earthquake and Northridge earthquake in E-W direction.
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Figure 6.3: Variation of the Displacements along the floors for Example 1(b) in two
Directions
For Example 2(a), the variation of the absolute displacements are indicated in Figure
6.4, namely, when Case (i) unconnected, Case (ii) connected at all the floors, Case
(iii) connected at Floors 6, 7, 8, 9 and 10 and Case (iv) connected at Floors 1, 3, 5, 7,
9. It is interesting that the dampers can be more effective when they are placed at
Floors 3, 4 and 5 for Building B. However, for Building A, the use of damper is not
more effective when they are placed at selected floors.
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Figure 6.4: Variation of the Displacements along the floors for Example 2(a) in two
Directions
Moreover, the amplitudes of displacement increase for Building A in Kobe 1995 and
Elcentro 1940, using Case 3 with Damper 1. It can be observed that Case (ii) is more
suitable for this example among all cases. As shown Figure 6.5, using damper at
Case (iv) with Damper 2 in N-S Loma Prieta 1989 and N-S Northridge 1994 for both
buildings can be more suitable the reduction of displacement than other cases.
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Figure 6.5: Variation of the Displacements along the floors for Example 2(b) in two
Directions
For Example 3(a), the variation of the absolute displacements are indicated in Figure
6.6, namely, when Case (i) unconnected, Case (ii) connected at all the floors, Case
(iii) connected at Floors 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 and 20 and Case (iv)
connected at Floors 1, 3, 5, 7, 9, 11, 13, 15, 17 and 19. It is also interesting that the
dampers for the adjacent buildings having different elevations can be more effective
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when they are placed at selected floors (Case iv) in N-S Elcentro 1940 and N-S Kobe
1995 especially in low-rise buildings.

Figure 6.6: Variation of the Displacements along the floors for Example 3(a)
However, for the earthquakes in E-W direction, the using damper can not be more
effective when they are placed at any floors for Kobe 1995. The amplitudes of
displacement are increased using damper for the coupled buildings. For the buildings
having the same dynamic characteristics but having different heights, the fluid
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viscous dampers can not accomplish to mitigate earthquake effects during some big
earthquakes as shown Figure 6.7.

Figure 6.7: Variation of the Displacements along the floors for Example 3(b) in two
Directions
Using the dampers at selected floors for Example 2 is more effective than Example 3.
For Example 4(a), the variation of the absolute displacements in terms of floor
numbers is demonstrated in Figure 6.8. All cases are the same as Example 3. It is
also interesting that the dampers for the adjacent buildings having the different shear
stiffness can be more effective when they are placed at all floors expect N-S Kobe
1940 earthquake. However, for the related earthquake, the using damper is more
effective when they are placed at selected floors except Case 1.
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Figure 6.8: Variation of the Displacements along the floors for Example 4(a) in two
Directions
Moreover, the amplitudes of displacement are decreased for the coupled buildings
via damper located at all floors. Figure 6.9 indicates variation of the displacements
along the floors for Example 4(b) in two directions. Example 4(a) and 4(b) show that
the buildings having the different shear stiffness are more effective than the buildings
having the same shear stiffness on the reduction of earthquake effects, using fluid
viscous dampers at Cases ii, iii and iv.
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Figure 6.9: Variation of the Displacements along the floors for Example 4(b) in two
Directions
6. 3 Summary
The variation of the absolute displacements for the cases mentioned above is shown
to find optimum placement of dampers. All examples calculated in each case show
that the dampers at suitable placements can reduce significantly the seismic
responses of the coupled system. This reduces the cost of the dampers to a greater
level.
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7

CONCLUSIONS AND RECOMMENDATIONS

7. 1 Coupled Buildings Control Conclusions
The time variation of the top floor displacement and base shear responses of two
buildings linked by fluid viscous damper at all the floors, with optimum damping
coefficient and optimum damping stiffness was shown. It can be clearly seen that
dampers had a major role on the effectiveness of dampers in controlling the
earthquake responses of both the adjacent buildings. The effectiveness of fluid
viscous dampers became less important for the higher building than the lower
building and more beneficial for the adjacent buildings having different heights than
those of the same heights. Example 4(a) investigated to mitigate the seismic response
of the coupled buildings having different shear stiffness but with the same heights
that the results in this example are more effective than the adjacent buildings having
the same characteristics. For all the studied buildings in this study, the reductions of
the top floor displacement become in important levels in N-S direction.

In order to reduce the cost of fluid viscous dampers, the response of the adjacent
buildings was investigated by considering only specific dampers (i.e., almost 50% of
the total) with optimum parameters shown above at selected floors. For lower
buildings, lesser dampers at appropriate placements can be more effective than
dampers at all floors. However, for higher buildings, it can be the opposite of the
situation at above in some big earthquakes. Changing the parameters of dampers in
terms of damping coefficients is important to reduce the top floor displacements of
adjacent buildings. Damper 2 which has high damping coefficient is more beneficial
than Damper 1.

The fluid viscous dampers are found to be very effective in reducing the earthquake
responses of the adjacent linked buildings. There is an optimum placement of
dampers for minimum earthquake response of the two adjacent connected buildings.
This study shows that it is not necessary to connect the two adjacent buildings by
dampers at all floors but lesser dampers at selected locations can reduce the
responses during seismic events. Although lesser dampers can be effective for the
reduction in the responses, the amount of reduction is higher than other cases when
the dampers are located at all floors. The study can be further explored by
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considering when the two high adjacent buildings are with different damping
characteristics, with connecting a new and different damper.

Finally, using the fluid damper of parameters derived based on two damping
coefficients is beneficial to reduce the responses of the adjacent structures under the
selected earthquakes. Further, the diagonal location of fluid viscous dampers
provides the reduction of displacement, acceleration and shear force responses of
adjacent buildings in NS and EW directions. The Analysis results of this study show
that placing fluid viscous dampers at selected floors will result in a more efficient
structural system to mitigate earthquake effects.
7. 2 Future Research Plan
The immediate primary focus of this study will be on the parametric studies of
dampers and related both the damper stiffness and the damping coefficient. Studies
undertaken thus far have provided sufficient knowledge and skills to explore any
problems in these areas. In addition, past studies promise a better and deeper
understanding of fast emerging new experimental results. The study will involve
analysing structures (2D and 3D) under earthquake loads. Optimisation techniques
will be used to find out the optimum properties for the dampers together with their
locations. The parametric studies of the different joint dampers are one of the most
exciting research areas in dynamic response of buildings in recent years. After
confirming the effectiveness of the joint dampers used in the example buildings, it
will possible be to find beneficial damper stiffness kd and damping coefficient cd for
different types of adjacent buildings in order to achieve the maximum response
reduction of adjacent buildings under an earthquake. These studies can be pursued by
varying the stiffness of dampers or the damping coefficient of dampers instead of
changing building characteristics as done in the study so far. Effects of damper
stiffness kd and damping coefficient cd on dynamic response mitigation can be sought
for the coupled buildings for a number of their values. Over the past years, this field
has seen very rapid progress. A number of researchers have been working in this
area. However, their work has mostly been based on either fluid viscous dampers or
viscoelastic dampers. The study plan is based on optimization of active mass tuned
dampers, placing them between two adjacent buildings by using genetic algorithms
via Matlab computer program.
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APPENDICES
Appendix A: Data of the Buildings
Appendix A-1: The Design Data

Live load

Table A1: The Design Data for All Examples
: 4.0 kN/m2 at typical floor
: 1.5 kN/m2 on roof

Floor finish

: 1.0 kN/m2

Water proofing

: 2.0 kN/m2 on roof

Terrace finish

: 1.0 kN/m2

Location

: Structures in New Zealand

Importance Levels

: 2 (Buildings not included in
importance levels 1,3 or 4)
(AS/NZS 1170.0-2002)

Earthquake load

: As per AS/NZS 1170.4-2002
Time history analyses

Depth of foundation below ground

: 2.5 m

Type of soil

: Type II, Medium as per
AS/NZS 1170.0-2002

Allowable bearing pressure

: 200kN/m2

Walls

: 230mm thick brick masonry
walls only at periphery.
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Appendix A-2: Material Properties
Table A2: Material Properties for Concrete and Steel
Concrete
All components unless specified in design: M30 grade
For M30, fck=30 MPa
E c = 5000 ×

f ck = 27 386 N/mm2

Where fck is characteristic strength of concrete and Ec stands for elastic modulus of
concrete at 28 days
Concrete density= 25 kN/m3
Wall Density=19kN/m3
Plaster Density=20kN/m3
Parapet=4.85 kN/m2
Heights of materials:
Parapet= 1 m
Slab= 0.12 m
External Wall= 0.23 m
Internal Wall= 0.1 m
Plaster Thick= 0.012 m
Steel
HYSD reinforcement of grade Fe 415 confirming to IS:1786 is used throughout
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Appendix A-3: Gravity Load Calculations for Examples
Table A3: Unit Load Calculations for Example 1 and 2(a)
Assumed sizes of beams and column sections are:
Columns: 300x600 mm2 in Building A
Area, A=0.18m2
Columns: 300x500 mm2 in Building B
Area, A=0.15 m2
Beams: 250x600 mm2 in Building A
Area, A=0.15 m2
Beams: 250x500 mm2 in Building B
Area, A=0.125 m2
Table A4: Member Self-Weights for Example 1 and 2(a)
Member Self-Weights:
Building A

Member Self-Weights:
Building B

Columns=

4.5 kN / m

Columns=

3.75 kN / m

Beams=

3.75 kN / m

Beams=

3.125 kN / m

Slab(120 mm thick)=

3 kN / m

2

Slab(120 mm thick)=

External brick wall
(230 mm thick)=

4.85 kN / m

2

Internal brick wall
(100 mm thick)=

2.38 kN / m

2

Roof Parapet
(height 1.0 m)=

4.85 kN / m

3 kN / m

2

External brick wall
(230 mm thick)=

4.85 kN / m

2

Internal brick wall
(100 mm thick)=

2.38 kN / m

2

Roof Parapet
(height 1.0 m)=

4.85 kN / m
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Table A5: Unit Load Calculations for Example 3 and 4 (a)
Assumed sizes of beams and column sections are:
Columns: 300x700 mm2 in Building A
Area, A=0.21 m2
Columns: 300x600 mm2 in Building B
Area, A=0.18 m2
Beams: 300x600 mm2 in Building A
Area, A=0.18 m2
Beams: 300x500 mm2 in Building B
Area, A=0.15 m2
Table A6: Member Self-Weights for Example 3 and 4 (a)
Member Self-Weights:
Building A
Columns=

Member Self-Weights:
Building B

7

kN / m

Columns=

4.5 kN / m

4.5

kN / m

Beams=

3.75 kN / m

3

kN / m

2

External brick wall
(230 mm thick)=

4.85

kN / m

2

Internal brick wall
(100 mm thick)=

2.38

kN / m

2

Roof Parapet
(height 1.0 m)=

4.85

kN / m

Beams=
Slab(120 mm thick)=

Slab(120 mm
thick)=
External brick wall
(230 mm thick)=

3 kN / m

2

4.85 kN / m

2

Internal brick wall
(100 mm thick)=

2.38 kN / m

2

Roof Parapet
(height 1.0 m)=

4.85 kN / m

116

Appendix A-4: Slab Load Calculations and Beam-Frame Load Calculations
Table A7: Slab Load Calculations
Slab load calculations:
Building A and B
Roof
2

Component (kN /m )
Self(120 mm thick)
Water proofing
Floor finish
Live load
2
Total (kN /m )

DL

LL
3
2
1
0
6

0
0
0
1.5
1.5

Table A8: Beam and Frame Load Calculations
Building A and B
Beam and Frame load calculations:
Roof Level
Internal Beams
DL
From Slab
18
Total(kN / m)
18
External Beams
DL
From Slab
9
Parapet
4.85
Total(kN / m)
13.85
Floor Level
Internal Beams
DL
From Slab
12
Internal Walls
5.712
Total(kN / m)
17.712
External Beams
DL
From Slab
6
External Walls
11.64
Total(kN / m)
17.64

LL
4.5
4.5
LL
2.25
0
2.25
LL
12
0
12
LL
6
0
6

Floor
DL
LL
3
0
0
0
1
0
0
4
4
4
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Appendix A-5: Seismic Weight of the Floors for Examples
Table A9: Seismic Weight of the Floors for Building A in Example 1(a)
Building A
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
270
Columns
60.75
Total
1775.454
W(DL+0.3*LL)
1840.254
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
270
Columns
121.5
Total
1663.308
W(DL+0.3*LL)
1836.108
Story:
5
Total Structure
Weight:
9184.686

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN

Table A10: Seismic Weight of the Floors for Building B in Example 1(a)
Building B
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
225
Columns
50.625
Total
1720.329
W(DL+0.3*LL)
1785.129
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
225
Columns
101.25
Total
1598.058
W(DL+0.3*LL)
1770.858
Story:
5
Total Structure
Weight:
8868.561

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN
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Table A11: Seismic Weight of the Floors for Building A in Example 2(a)
Building A
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
270
Columns
60.75
Total
1775.454
W(DL+0.3*LL)
1840.254
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
270
Columns
121.5
Total
1663.308
W(DL+0.3*LL)
1836.108
Story:
10
Total Structure
Weight:
18365.23

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN

Table A12: Seismic Weight of the Floors for Building B in Example 2(a)
Building B
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
225
Columns
50.625
Total
1720.329
W(DL+0.3*LL)
1785.129
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
225
Columns
101.25
Total
1598.058
W(DL+0.3*LL)
1770.858
Story:
5
Total Structure
Weight:
8868.561

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN
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Table A13: Seismic Weight of the Floors for Building A in Example 3(a)
Building A
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
324
Columns
94.5
Total
1863.204
W(DL+0.3*LL)
1928.004
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
324
Columns
189
Total
1784.808
W(DL+0.3*LL)
1957.608
Story:
20
Total Structure
Weight:
39122.56

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN

Table A14: Seismic Weight of the Floors for Building B in Example 3(a)
Building B
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
270
Columns
60.75
Total
1775.454
W(DL+0.3*LL)
1840.254
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
270
Columns
121.5
Total
1663.308
W(DL+0.3*LL)
1836.108
Story:
10
Total Structure
Weight:
18365.226

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN
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Table A15: Seismic Weight of the Floors for Building A in Example 4(a)
Building A
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
324
Columns
94.5
Total
1863.204
W(DL+0.3*LL)
1928.004
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
324
Columns
189
Total
1784.808
W(DL+0.3*LL)
1957.608
Story:
20
Total Structure
Weight:
39122.56

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN

Table A16: Seismic Weight of the Floors for Building B in Example 4(a)
Building B
Seismic weight of the floors
Roof Level
DL
From Slab
864
Parapet
232.8
External Walls
279.36
Internal Walls
68.544
Main Beams
270
Columns
60.75
Total
1775.454
W(DL+0.3*LL)
1840.254
Floor Level
DL
From Slab
576
External Walls
558.72
Internal Walls
137.088
Main Beams
270
Columns
121.5
Total
1663.308
W(DL+0.3*LL)
1836.108
Story:
20
Total Structure
Weight:
36726.306

LL
216
0
0
0
0
0
216
kN
LL
576
0
0
0
0
576
kN

kN
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Appendix A-6: Characteristics of the Imperial Valley Earthquake record
Earthquake: Imperial Valley-02 1940-05-19 04:37
Magnitude: 6.95
Mo: 2.9854E+26
Mechanism: 0
Hypocenter Latitude: 32.7601 | Longitude: -115.416 | Depth: 8.8 (km)
Fault Rupture Length: 63.0 (km) | Width: 13.0 (km)
Average Fault Displacement: 101.8 (cm)
Fault Name: Imperial fault
Slip Rate: 20.00 (mm/yr)
Station: USGS 117 El Centro Array #9
Latitude: 32.7940 | Longitude: -115.549
Geomatrix 1: E | Geomatrix 2: Q | Geomatrix 3: D
Preferred Vs30: 213.40 (m/s) | Alt Vs30:
Instrument location: BASEMENT
Epicentral Distance: 12.99 (km) | Hypocentral Distance: 15.69 (km) | Joyner-Boore
Distance: 6.09 (km)
Campbell R Distance: 7.51 (km) | RMS Distance: 15.80 (km) | Closest Distance: 6.09
(km)
PGA: 0.2584 (g)
PGV: 31.7400 (cm/sec)
PGD: 18.0100 (cm)
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Appendix A-7: Characteristics of the Loma Prieta Earthquake record
Earthquake: Loma Prieta 1989-10-18 00:05
Magnitude: 6.93
Mo: 2.7861E+26
Mechanism: 3
Hypocenter Latitude: 37.0407 | Longitude: -121.883 | Depth: 17.5 (km)
Fault Rupture Length: 40.0 (km) | Width: 18.0 (km)
Average Fault Displacement: 108.1 (cm)
Fault Name: San Andreas-Santa Cruz
Slip Rate: 17.00 (mm/yr)
Station: CDMG 47125 Capitola
Latitude: 36.9730 | Longitude: -121.953
Geomatrix 1: A | Geomatrix 2: Q | Geomatrix 3: B
Preferred Vs30: 288.60 (m/s) | Alt Vs30:
Instrument location: GROUND LEVEL
Epicentral Distance: 9.78 (km) | Hypocentral Distance: 20.03 (km) | Joyner-Boore
Distance: 8.65 (km)
Campbell R Distance: 15.23 (km) | RMS Distance: 20.11 (km) | Closest Distance:
15.23 (km)
PGA: 0.4803 (g)
PGV: 34.5100 (cm/sec)
PGD: 7.1300 (cm)
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Appendix A-8: Characteristics of the Northridge Earthquake record
Earthquake: Northridge-01 1994-01-17 12:31
Magnitude: 6.69
Mo: 1.2162E+26
Mechanism: 2
Hypocenter Latitude: 34.2057 | Longitude: -118.554 | Depth: 17.5 (km)
Fault Rupture Length: 18.0 (km) | Width: 24.0 (km)
Average Fault Displacement: 78.6 (cm)
Fault Name: Northridge Blind Thrust
Slip Rate: 1.50 (mm/yr)
Station: DWP 75 Sylmar - Converter Sta East
Latitude: 34.3120 | Longitude: -118.481
Geomatrix 1: I | Geomatrix 2: Q | Geomatrix 3: B
Preferred Vs30: 370.50 (m/s) | Alt Vs30:
Instrument location: GROUND LEVEL
Epicentral Distance: 13.60 (km) | Hypocentral Distance: 22.16 (km) | Joyner-Boore
Distance: 0.00 (km)
Campbell R Distance: 5.19 (km) | RMS Distance: 12.95 (km) | Closest Distance: 5.19
(km)
PGA: 0.6469 (g)
PGV: 95.0700 (cm/sec)
PGD: 33.4300 (cm)
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Appendix A-9: Characteristics of the Kobe Earthquake record
Earthquake: Kobe, Japan 1995-01-16 20:46
Magnitude: 6.90
Mo: 2.5119E+26
Mechanism: 0
Hypocenter Latitude: 34.5948 | Longitude: 135.0121 | Depth: 17.9 (km)
Fault Rupture Length: 60.0 (km) | Width: 20.0 (km)
Average Fault Displacement: 58.5 (cm)
Fault Name:
Slip Rate:
Station: JMA 99999 KJMA
Latitude: 34.6833 | Longitude: 135.1800
Geomatrix 1: | Geomatrix 2: | Geomatrix 3: B
Preferred Vs30: 312.00 (m/s) | Alt Vs30:
Instrument location:
Epicentral Distance: 18.27 (km) | Hypocentral Distance: 25.58 (km) | Joyner-Boore
Distance: 0.94 (km)
Campbell R Distance: 3.23 (km) | RMS Distance: 11.19 (km) | Closest Distance: 0.96
(km)
PGA: 0.7105 (g)
PGV: 77.8300 (cm/sec)
PGD: 18.8700 (cm)

